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* Correspondence: karol.steckiewicz@gumed.edu.pl

Abstract: Fasting prior to surgery can cause dehydration and alter hemodynamics. This study
aimed to determine the impact of a carbohydrate-enriched drink (NutriciaTM Pre-op®) on selected
hemodynamical parameters, measured in a non-invasive manner. We enrolled 100 healthy volunteers
and measured their weight, height, systolic blood pressure (SBP), diastolic blood pressure (DBP),
heart rate (HR), thoracic fluid content (TFC), thoracic fluid index (TFCI), stroke volume (SV), stroke
volume variation (SVV), stroke index (SI), cardiac output (CO), cardiac index (CI), heather index
(HI), systolic time ration (STR), systemic time ratio index (STRI), systemic vascular resistance (SVR),
and systemic vascular resistance index (SVRI) by a Niccomo™ device, implementing the impedance
cardiography (ICG) method. Measurements were performed at the beginning of the study, and
after 10 h and 12 h. We randomly allocated participants to the control group and the pre-op group.
The pre-op group received 400 mL of Nutricia™ preOp®, as suggested in the ERAS guidelines,
within 10 h of the study. Student’s t-test or the Mann–Whitney U test were used to compare the two
groups, and p < 0.05 was considered significant. We did not observe any changes in hemodynamical
parameters, blood pressure, and heart rate between the groups. We have proven that carbohydrate-
enriched drink administration did not have a significant impact on the hemodynamical parameters
of healthy volunteers.

Keywords: impedance cardiography (ICG); fasting; enhanced recovery after surgery (ERAS); hemo-
dynamics; cardiac index (CI); systemic vascular resistance index (SVRI); pre-op; perioperative patient
management; NICCOMO

1. Introduction

Preoperative, overnight fasting is a decades-old idea, introduced as prophylaxis for
Mendelson syndrome, which is aspiration pneumonia with a poor prognosis [1]. Over
the years, new evidence has come to light, and current guidelines recommend patients
do not eat solid foods for 6 h and do not drink clear liquids for 2 h before surgery [2,3].
However old habits prove difficult to change, as fasting time still remains excessive in
many hospitals (even up to 16 h) [4,5]. This can lead to dehydration, which has adverse
effects on hemodynamic parameters, and in consequence, impairs oxygen delivery [6,7]. It
is worth emphasising that a patient’s hydration is not routinely measured in the operating
theatre, as neither heart rate nor blood pressure are sensitive indicators [8]. Fasting can also
cause unwanted metabolic changes, which can increase the complication ratio, and thus
preoperative carbohydrate treatment in the form of carbohydrate-rich drinks (so-called
pre-op) are recommended by both enhanced recovery after surgery (ERAS) protocol and
the European Society for Clinical Nutrition and Metabolism (ESPEN) guidelines [2,9]. This
can reduce patients’ anxiety and improve general well-being [10]. Surgical injury and
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fasting increase insulin resistance, causing complications in the postoperative period [11],
carbohydrate treatment can alleviate this to some degree [10], and decrease the length of
hospital stay [12]. Oppositely, a more recent meta-analysis shows no benefit of pre-op over
placebo or water [13]. Due to inconsistent data, it is important to gather new evidence
regarding this matter.

In our previous study, we measured changes in body water (total body water, intra-
cellular water, extracellular water) and body composition in fasting individuals. We did
not observe significant dehydration during overnight fasting, but nonetheless there was a
significant difference in heart rate [14]. This prompted us to take a closer look at changes
in hemodynamic parameters. While they are rarely measured directly in the operating
theatre [15], improvements in bioelectrical impedance analysis may change this in the near
future [16–18]. Although not a new concept, impedance cardiography (ICG) is becoming
more and more accurate as new hardware and calculation algorithms are developed. It is
already comparable to reference methods [19–21], providing a non-invasive alternative for
hemodynamic monitoring.

In this study, we assessed the impact of a carbohydrate drink on cardiac output and
systemic vascular resistance after overnight fasting using the ICG device. The study aimed
to determine the impact of the carbohydrate-enriched drink (NutriciaTM Pre-op®, Nutricia,
Warsaw, Poland) on selected hemodynamical parameters measured in a non-invasive man-
ner. We hypothesized that the administration of liquid recommended by ERAS guidelines
would improve the hemodynamical status of fasting healthy volunteers. According to our
best knowledge, this relationship has not been previously studied. Furthermore, we were
interested in determining the impact of fasting on hemodynamics.

2. Materials and Methods

This was an open label randomized controlled study conducted in Gdansk, Poland.
The study was designed according to the regulation of Good Clinical Practice (GCP) and
the 1964 Declaration of Helsinki and its amendments. Study protocol revied approval from
the Independent Bioethics Committee for Scientific Research at the Medical University of
Gdańsk (NKBBN/562/2021). The study was prospectively registered at ClinicalTraials.gov
(NCT04972500) on 9 July 2021.

2.1. Participants

The study was performed on healthy individuals. Between 12 July 2021 and 4 Novem-
ber 2021, we enrolled 100 adult volunteers from the American Society of Anesthesiologists
(ASA) status 1 and 2. Due to lack of literature data, the ex-ante calculation of groups
sizes was impossible. Volunteers’ height had to be within a 120–230 cm range and the
weight between 30 and 155 kg. Exclusion criteria were chronic kidney disease, circulatory
failure, lung diseases, diseases of the heart valves, history of hypoglycaemic episodes, or
any carbohydrate disturbance. For each participant, the study started at 9 p.m. when the
first measurements were taken. Firstly, body mass and blood pressure were measured.
Then, the skin was cleaned with alcohol to make skin-to-electrode impedance as low as
possible. Two electrodes were placed on the thorax along the midaxillary line, and another
two electrodes were placed on the neck. Hemodynamic parameters were measured in a
supine position. Measurement was conducted according to manufacturer guidelines. After
measurements, participants were asked to fast for 10 h; however, they could drink clear
liquids for 2 h. The second and third measurements took place at 7.00 a.m. and 9.00 a.m.
The measurements procedure was the same for all timepoints. After the second measure-
ment, the participants were divided into two groups. A computer-generated randomization
plan (www.randomization.com (accessed on 8 July 2021)) with allocation ratio 1:1 was
implemented. The control group had to restrain from drinking till the third measurement,
whereas the pre-op group received 400 mL of Nutricia™ PreOp® per os. The study protocol
did not include follow up. Study protocol is presented in Figure 1.
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Figure 1. Study protocol summary.

2.2. Impedance Cardiography

Niccomo™ device (Medizinische Messtechnik GmbH, Ilmenau, Germany) was used
to non-invasively measure hemodynamical parameters. The special algorithm allowed
Niccomo™ to calculate hemodynamic-related parameters based on a variation of thoracic
bio-impedance caused by changes in volume and velocity of blood in the aorta. Thoracic
fluid content (TFC), thoracic fluid index (TFCI), stroke volume (SV), stroke volume variation
(SVV), stroke index (SI), cardiac output (CO), cardiac index (CI), heather index (HI), systolic
time ration (STR), systemic time ratio index (STRI), systemic vascular resistance (SVR),
and systemic vascular resistance index (SVRI) were measured. A Signal Quality Indicator,
which shows the quality of the beats used in the calculation, was used as a validation tool.
All measurements had a high-quality index (>95%).

2.3. Carbohydrate Drink

Nutricia™ PreOp® was used in the study. Participants received 400 mL of liquid
(50.4 g of carbohydrates), according to the recommendation of enhanced recovery after
surgery (ERAS) protocol.

2.4. Statistical Analysis

The primary endpoints were changes in CI, SVRI, SV, and heart rate (HR). No interim
analyses were performed. Data were analyzed with Prism 9 software (GraphPad Software,
San Diego, CA, USA). Categorical variables are reported by the number and percentage of
patients in each category. Continuous variables with a normal probability distribution are
presented as the arithmetic mean with standard deviation. For the continuous variables
with a different probability distribution, the median and the interquartile range (IQR) are
given. The D’Agosition and Person test was used as a normality test. Fisher’s exact test, a
two-tailed t-Student test or the Mann–Whitney U test were used to compare two groups
regarding the data type and characteristic. Results were considered to be statistically
significant if p < 0.05. The detailed protocol for statistical analysis was previously described
by our team [14].
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3. Results

One hundred volunteers were enrolled in the study. All participants completed the
study protocol. The allocation ratio was 1:1, each study group (control and pre-op) consisted
of 50 people. No significant differences between control and pre-op groups were found
(Table 1).

Table 1. Patients’ characteristics at the beginning of the study. Values are number [%], or mean (SD).

Variable
Control (n = 50)

Number [%]
Mean (SD)

Pre-op (n = 50)
Number [%]
Mean (SD)

p Value

Female 27 (54%) 32 (64%) 0.4162

Age (y) 23.70 (3.51) 23.72 (3.12) 0.9761

Height (cm) 173.50 (10.12) 173.30 (9.26) 0.9263

Weight (kg) 72.45 (15.86) 67.53 (11.84) 0.0819

We did not observe any differences in systolic (SBP) and diastolic (DBP) pressure or
heart rate (HR) between groups. SBP and DBP were significant lower at the 10 h time point
(Table 2).

Table 2. Comparison of blood pressure and heart rate between groups. Values are median (IQR
range), or mean (SD).

Variable
0 h

Median (IQR)
Mean (SD)

10 h
Median (IQR)

Mean (SD)

12 h
Median (IQR)

Mean (SD)

p Value
(0 h vs. 10 h)

p Value
(Control vs.

Pre-op)

Control Pre-op

SBP (mmHg) 119.50 (12.21) 114.80 (11.04) 112.90 (10.99) 111.30 (10.35) 0.0052 0.4386
DBP (mmHg) 72.37 (7.76) 68.77 (6.32) 68.70 (6.81) 68.60 (6.82) 0.0004 0.9417

HR (bmp) 69.50 (63.00–77.00) 67.91 (11.95) 62.18 (9.81) 63.60 (10.22) 0.1466 0.4802

SBP—systolic blood pressure; DBP—diastolic blood pressure; HR—heart rate.

No significant differences were observed between all measured hemodynamical pa-
rameters at the 0 h and 10 h time points. No significant differences between the pre-op and
control groups were found at 12 h of the study (after randomization and carbohydrate-
enrich drink administration) (Table 3). Additional parameters reported by Niccomo™ are
presented in Table S1.

Table 3. Comparison of hemodynamical parameters. Values are median (IQR range) or mean (SD).

Variable
0 h

Median (IQR)
Mean (SD)

10 h
Median (IQR)

Mean (SD)

12 h
Median (IQR)

Mean (SD)

p Value
(0 h vs. 10 h)

p Value
(Control vs. Pre-op)

Control Pre-op

SVV (%) 15 (11–18) 14.5 (11–19) 14.5 (11–21) 14 (11.75–17) 0.6982 0.6167
SV (mL) 104 (23.85) 102.9 (23.33) 110 (23.61) 105.3 (21.72) 0.7419 0.3007

SI (mL m−2) 56.45 (9.47) 56.15 (8.9) 58 (54–63) 57.5 (53–62.25) 0.8177 0.5035
CO (L min−1) 7.28 (1.76) 6.87 (1.51) 6.77 (1.47) 6.61 (1.39) 0.0776 0.5766

CI (L min−1 m−2) 3.94 (0.67) 3.76 (0.65) 3.65 (0.56) 3.68 (0.64) 0.0569 0.8815
SVRI (dyn s cm−5 m2) 1640 (1423–1847) 1661 (314.2) 1688 (269) 1681 (306.2) 0.9985 0.9036

SVR (dyn s cm−5) 893 (740–1120) 904 (784.3–1064) 931.7 (198.4) 943.6 (184.8) 0.9441 0.7588

SVV—stroke volume variation; SV—stroke volume; SI—stroke index; CO—cardiac output; CI—cardiac index;
SVRI—systemic vascular resistance index; SVR—systemic vascular resistance.
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4. Discussion

Our goal was to access the impact of carbohydrate-rich drink on haemodynamic
parameters in fasting, healthy individuals. We used the ICG device Niccomo™, which
has been proven as a viable method for the non-invasive measurement of haemodynamic
parameters when compared with thermodilution-derived methods [19–21]. The accuracy
of the ICG method depended strictly on clinical scenario. Performed meta-analysis demon-
strated good values of correlation coefficient; however, it must be noted that dose data
were relatively old [22–24]. Generally, the correlation of ICG and reference method were
the highest in healthy individuals (r2 around 0.7–0.8), and much lower in ICU patients
and individuals with impaired cardiac function [22,24]. The indisputable advantage of
the ICG method was its non-invasive character, which allowed it to be used on patients
without indication to invasive monitoring. This approach minimalized the risks while
providing useful clinical data. Transthoracic Doppler echocardiography (TTE) can also be
used to measure haemodynamic parameters in a non-invasive way, and generally there
is no significant difference in CO compared with the thermodilution. However, when
structural changes are present in the heart, TTE accuracy is questionable [25]. Interestingly,
Daralammouri et al. managed to overcome this shortcoming with the use of the ICG. They
used both methods in tandem to measure the aortic valve area in patients with aortic
valve stenosis; this hybrid approach significantly correlated to thermodilution method [26].
Liu et al. used the ICG device during cardiopulmonary exercise testing and six-minute
walk test to improve peak oxygen uptake assessment in healthy volunteers [27]. ICG
proved useful in assessing the impact of postural changes on haemodynamic parameters in
healthy adults [28], infants [29–31], and surgery patients [32].

Several factors can contribute to perioperative hemodynamic changes. Firstly, fasting
prior to surgery can cause dehydration [33]. Intubation itself causes changes in HR, SBP,
and DBP [34]. Moreover, the drugs used during general anaesthesia are cardiodepressants,
and hypotension during induction is a common complication [35]. Typically, the decreased
mean arterial pressure and CI, as well as increased SVRI, are observed after the induction
of general anaesthesia. SV can be lower, even by 62%, in comparison with the values before
anaesthesia [6]. Unfortunately, conventional monitoring used in the operating theatre
cannot adequately represent changes in hemodynamics; thus, these changes can be easily
omitted [36]. Fortunately, appropriate intravenous fluid management can reverse this
trend [6]; however, there are no data regarding if per os fluid administration can also be
beneficial. Given that the perioperative administration of carbohydrate-rich drink has
established a role in preventing other complications such as nausea, insulin resistance,
and muscle loss [37–39], the question raised in our study is important and covers gaps in
current knowledge.

We determined no significant differences between the pre-op and control groups
regarding changes in haemodynamic parameters in fasting volunteers. Similarly, Alves
et al. showed no changes in haemodynamic parameters after fasting in healthy (ASA
I/II) volunteers as well. Although they used echocardiographic methods instead, their
population was older (26–67 years old) and they did not examine the carbohydrate-rich
drink impact on those changes [40]. Interestingly, in healthy males during physical activity,
carbohydrate rich-drink could increase CO and decrease SVR in comparison to protein-
rich drinks and water [41]. Even though fasting did not influence the hemodynamic
parameters in healthy individuals, it is vital to provide proper fluid therapy as both hypo-
and hypervolemia have detrimental effects on surgery outcome. It has to be emphasised
that goal-directed fluid therapy is part of ERAS protocol [8,33].

We are aware of several limitations of this study. This is a single-centre study, in
which healthy volunteers were included. We used non-invasive methods for hemodynamic
assessment, which may be less reliable than invasive methods. We also did not perform this
study in a crossover design. We did not have direct control over volunteers’ compliance;
rather, we relied on their confirmation that they obeyed the study protocol. We also did not
measure urine secretion.
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5. Conclusions

We determined the impact of a carbohydrate-enriched drink (NutriciaTM Pre-op®) on
hemodynamical parameters in fasting healthy individuals. We have proven that consuming
this drink did not impact the volunteers’ hemodynamic status.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11030825/s1, Table S1: Comparison of impedance cardiography
(ICG) parameters.
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Abstract: Background: Vasoplegic syndrome is associated with increased morbidity and mortality in
patients undergoing cardiac surgery. This retrospective, single-center study aimed to evaluate the
effect of early use of methylene blue (MB) on hemodynamics after an intraoperative diagnosis of
vasoplegic syndrome (VS). Methods: Over a 10-year period, all patients diagnosed with intraoperative
VS (hypotension despite treatment with norepinephrine ≥0.3 μg/kg/min and vasopressin ≥1 IE/h)
while undergoing heart surgery and cardiopulmonary bypass were identified, and their data were
examined. The intervention group received MB (2 mg/kg intravenous) within 15 min after the
diagnosis of vasoplegia, while the control group received standard therapy. The two groups were
matched using propensity scores. Results: Of the 1022 patients identified with VS, 221 received
MB intraoperatively, and among them, 60 patients received MB within 15 min after the diagnosis
of VS. After early MB application, mean arterial pressure was significantly higher, and vasopressor
support was significantly lower within the first hour (p = 0.015) after the diagnosis of vasoplegia,
resulting in a lower cumulative amount of norepinephrine (p = 0.018) and vasopressin (p = 0.003).
The intraoperative need of fresh frozen plasma in the intervention group was lower compared to the
control group (p = 0.015). Additionally, the intervention group had higher creatinine values in the
first three postoperative days (p = 0.036) without changes in dialysis incidence. The 90-day survival
did not differ significantly (p = 0.270). Conclusion: Our results indicate the additive effects of MB
use during VS compared to standard vasopressor therapy only. Early MB administration for VS may
significantly improve the patients’ hemodynamics with minor side effects.

Keywords: methylene blue; vasoplegic syndrome; vasoplegia; shock; cardiac anesthesia; vasopressin;
cardiac surgery; cardiopulmonary bypass

1. Introduction

In cardiac surgery, vasoplegic syndrome (VS) is defined as a vasodilatory shock in the
perioperative period and is accompanied by severe hypotension, i.e., therapy-refractory
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mean arterial pressure (MAP) between 40 and 65 mm Hg and a systemic vascular resistance
index (SVRI) between 700 and 1200 dyne × sec × cm−5 × m2, and normal or elevated
cardiac output [1]. The hemodynamics of VS show low wedge and low right atrial pres-
sure [1]. VS was first described by Gomes and colleagues who reported cardioplegia in six
cases in Sao Paolo, Brazil, in 1994 [1]. Since then, severe VS has been repeatedly described
as a hemodynamic challenge in other diseases, such as septic shock, post-transplantation
surgery, burns, anaphylaxis, and trauma [2]. VS occurs as a complication during or after
cardiopulmonary bypass (CPB), with an incidence of 5–25%, and causes an increased risk
of end organ dysfunction and mortality [3]. Previous studies have reported important
risk factors for VS [3–6], which may result in a systemic inflammatory response syndrome
with transient vascular dysfunction refractory to vasopressor therapy [7] and can lead to
long-term instability intraoperatively and postoperatively. The pathophysiology of VS is
complex and includes a functional dysregulation of smooth vascular muscle cells. In cardiac
surgery with CPB, inflammatory mediators lead to adrenoreceptor desensitization and an
immediate increase in vasoconstrictive mediators. With the subsequent depletion of the
mediators and excess of nitric oxide (NO), dilating mediators predominate and vasoplegic
shock persists. NO affects both vasoconstriction and dilation. By activating guanylate
cyclase (GC), NO increases cyclic guanosine monophosphate (cGMP) and leads to muscle
relaxation. NO also acts through adenosine triphosphate-sensitive potassium channels
to inhibit vasoconstriction [8,9]. Therapeutic options in VS include fluid administration
and/or vasopressor therapy with catecholamines (first-line therapy with norepinephrine
and supplementation with epinephrine) and vasopressin. Modulators of NO and/or in-
flammation, such as methylene blue (MB), hydroxocobalamin (HY), ascorbic acid, thiamine,
and corticosteroids, have been investigated as therapeutic options of VS in several stud-
ies [9–12]. Angiotensin II is the most recently published therapeutic alternative, which
was reported to reduce catecholamines for VS [13,14]. The efficacy and efficiency of MB
administration for VS during or after CPB has been described by several authors; however,
to the best of our knowledge, evidence with larger patient collectives is lacking [15–19].
Previous studies using MB in VS revealed conflicting results, which might have been due to
the inclusion of different anesthesiologist-triggered strategies and time-dependent factors.
We hypothesized that MB exerts a positive effect in the early stages of severe vasoplegia
and can thus prevent secondary complications. Therefore, MB may be useful to treat VS at
early stages of the syndrome.

2. Materials and Methods

This study was performed in accordance with the Declaration of Helsinki. The study
protocol was approved by the Ethics Committee of the Ludwig-Maximilians-University of
Munich/Germany (number: 326-16). The need for patient consent was waived because of
the retrospective nature of the study.

In this single-center retrospective observational study, data from all patients who
developed VS during cardiac surgery with CPB at the LMU Hospital in Munich between
1 April 2006 and 31 March 2016 were reviewed. This period was chosen based on influenc-
ing cofactors. Patients who required ≥0.3 μg/kg/min norepinephrine plus vasopressin
≥1 IU/h were considered as having VS. The use of vasopressor agents as a surrogate
marker for VS has been described previously [16,20] since invasive hemodynamic values,
such as cardiac output and SVRI, were not regularly recorded intraoperatively. Intraopera-
tive continuous esophageal echocardiography ensured the exclusion of cardiogenic shock
and confirmed the presence of VS. Patients <18 years old, those undergoing off-pump
surgery, those with preoperative venovenous extracorporeal membrane oxygenation or
extracorporeal life support system treatment, those with increased preoperative c-reactive
protein (CRP), and those without missing data.

The primary outcomes intraoperatively were MAP, fluid administration, and the
amount and dose of norepinephrine and vasopressin. Over three days postoperatively,
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liver function (alanine transaminase) and kidney function (creatinine), as well as CRP and
leukocytes, were compared. Mortality was analyzed up to discharge.

Anesthesia was administered according to the Munich cardiac anesthesia standard
operating procedure. In brief, patients received oral or intravenous premedication with
midazolam (3.75–7.5 mg). Administration of angiotensin converting enzyme-inhibitors and
sartane was stopped in elective patients the day before surgery. After the insertion of an
arterial line, anesthesia was induced with midazolam, etomidate, or propofol, sufentanil,
and rocuronium and maintained with a continuous sufentanil infusion (0.5–1 μg/kg/h)
and sevoflurane vaporization (1.5–2.5%). After induction, a central venous catheter and an
introducer were inserted to optionally apply a pulmonary artery catheter. The hemody-
namic status was monitored intraoperatively by transesophageal echocardiography. For
cardioplegia, a crystalloid “Bretschneider” solution (Custodiol®, Dr. Köhler Chemie GmbH,
Bensheim, Germany) was used. An unfractionated heparin bolus of 400 IU/kg total body
weight was injected before CPB initiation followed by additional doses to maintain a target
activated clotting time ≥400 s. At the end of the CPB, heparinization was antagonized
with a slow protamine infusion. Intraoperative hypotension was treated with the mainte-
nance of isovolemia by fluid boluses and continuous norepinephrine administration. In
addition, continuous administration of vasopressin was considered when administering
norepinephrine >0.2 μg/kg/min. Additional treatment options were epinephrine to sup-
port inotropy and hydrocortisone. MB (2 mg/kg total body weight over an infusion period
of 10 min) was considered as a rescue medication in the case of therapy-refractory hypoten-
sion, where stable hemodynamics could not be achieved despite continuous norepinephrine
administration ≥0.3 μg/kg/min and vasopressin ≥1 IU/h and repetitive norepinephrine
boluses by the attending anesthesiologist, independent of the anesthesiologist’s level of
training. No repetitive administration of MB was used. After surgery, all patients were
sedated, ventilated, transferred to the intensive care unit (ICU), and monitored during
the following days. Weaning started after cardiorespiratory stabilization and exclusion of
revision triggers.

After exclusion, patients were divided into three groups based on MB use for hemo-
dynamic rescue from vasoplegia within the first 15 min after the onset of VS (MB group),
after 15 min (lMB group), and no MB use (control group, CG). After comparison, the cut
off was set to 15 min to evaluate the early effect of MB. Subsequently, the MB group was
compared with the CG. Medical records were reviewed to obtain patient demographics
and preoperative variables, including sex, age, body mass index (BMI), American Society
of Anesthesiologists (ASA) physical classification, surgery type, and emergency status of
surgery. For analysis related to the type of surgery, the patients were divided into the
following groups: thoracic aortic surgery (aorta), heart valve surgery (valve), isolated
coronary artery bypass graft (CABG) surgery (bypass), heart transplantation or ventricular
device (artificial heart), combination procedure (e.g., CABG + valve surgery; combination),
different types of surgery (e.g., neoplasm; other), revision surgery (revision). To assess the
independent effects of early MB on postoperative outcomes, a propensity score-matched
analysis was performed. For propensity score matching, the variables age, sex, BMI, and
procedure were used. After bivariate analysis (ANOVA) of preoperative factors of all
three groups listed in Additional File 1, the propensity for receiving MB variables with
a matching tolerance of 0.01 was predicted and included for the procedure. Accordingly,
the cases of the MB group were matched 1:1 with corresponding cases of the CG using the
propensity score matching function of SPSS® Statistics software (Version 27, IBM Corp.,
Armonk, NY, USA; Figure 1). This resulted in 60 successfully matched pairs, as evidenced
in Table 1.
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Figure 1. Study population.

Table 1. Baseline demographics of the methylene blue group compared to control group and propen-
sity score-matched control group.

Methylene Blue
N = 60

Control
N = 759

p-Value
Matched Control

N = 60
p-Value

Male sex 51 85.0 580 76.4 0.082 44 73.3 0.177
Age (y) 62.3 ±12.2 64.0 ±13.6 0.351 62.0 ±14.2 0.891

BMI
(kg/m2) 27.5 ±4.5 26.2 ±4.3 0.024 26.7 ±4.8 0.363

ASA class 0.062 0.414
1 0 0 1 0.1 0 0.0
2 0 0 1 0.1 0 0.0
3 12 20.0 293 38.6 10 16.7
4 42 70.0 419 55.2 39 65.0
5 6 10.0 45 5.9 11 18.3

Procedure <0.001 0.031
Aorta 16 26.7 107 14.1 7 11.7
Valve 21 35.0 302 39.8 20 33.3

Bypass 8 13.3 225 29.6 18 30.0
Artificial

heart 5 8.3 69 9.1 9 15.0

Combination 4 6.7 22 2.9 0 0.0
Other 2 3.3 25 3.3 4 6.7

Revision 4 6.7 9 1.2 2 3.3
Emergency 13 21.7 151 19.9 0.738 16 26.7 0.335

Perioperative variables are shown regarding the use of MB versus standard therapy (matched control), indicating
mean or percentage, respectively. This table also shows the results compared to the overall collective before
matching. p-values indicate significance versus “methylene blue” group. BMI: Body mass index; ASA: American
Society of Anesthesiologists.

For intraoperative data collection, the in-house anesthesia recording system Narko-
Data (IMESO-IT GmbH; Gießen, Germany) was reviewed, and the following variables
were analyzed: type of surgery, MAP depending on time since VS (0, +15, +30, +60, +90,
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+120 min), time-dependent norepinephrine and vasopressin dose and cumulative amount,
cumulative fluid administration (crystalloid and colloid) and transfusion needs (erythro-
cytes, fresh frozen plasma, thrombocytes), duration of surgery, and CPB time. Serum blood
samples were routinely taken 24 h preoperatively (not in the case of emergency), on arrival
in ICU, and on the first, second, and third postoperative day. Inflammation values (CRP
(mg/L), leukocytes (cells/nL)), and values of liver (alanine transaminase (U/L)) and kid-
ney function (creatinine (mg/dL)) were determined for the evaluation of Secondary organ
dysfunction. Outcome variables such as ventilation time, in-hospital mortality, length of
ICU stay and hospitalization, and postoperative renal replacement therapy were extracted
from patient record files.

For continuous variables (e.g., hospitalization), group comparisons were performed
using unpaired Student’s t-tests. In the case of multiple timepoints, comparisons were
individually performed between groups on each timepoint. For categorical variables (e.g.,
sex), a chi-square test was performed. In the case of two possible conditions, the two-sided
Fisher’s exact test p-value was reported; for >2 possible conditions, the Pearson’s chi-square
p-value was reported. Kaplan–Meier analysis was performed for survival time (90 days)
with Log-rank group comparison (Mantel Cox). A p-value ≤0.05 was considered significant
for any comparison.

3. Results

During the study period, 1172 out of 9356 patients undergoing cardiac surgery with
CPB at this institution were diagnosed with VS, corresponding to an incidence of 12.5%.
After the first data validation, 1022 patients were further analyzed. A total of 221 of these
patients received MB for hemodynamic rescue from vasoplegia, while 801 patients were
not treated with MB and were therefore included in the CG. After excluding patients with
missing data and tumor surgery, 759 remained in the CG. The intervention group was then
compared with the CG, and the collective was examined for preoperative characteristics.
Numerous preoperative and surgical factors were associated with an increased likelihood
of receiving MB. The preoperative factors included were older age, higher ASA status, and
the type of surgery. Regarding the operative procedure in the non-matched group, patients
with thoracic aortic surgery were relatively more likely to receive MB (MB: 26.7 vs. CG:
14.1%), and BMI was significantly correlated with MB treatment (MB: 27.5 vs. CG: 26.2;
p = 0.024). Emergency surgery status was not correlated with MB treatment (MB: 21.7% vs.
CG: 19.9%; p = 0.738). To reduce confounding bias, a propensity score-matching analysis
was performed, and patients of the MB group were balanced for preoperative covariates.
After excluding patients with missing data, 60 patients met the criteria of the MB group.
These patients received a bolus of MB within the first 15 min. Demographic and surgery
characteristics of the matched cohort are shown in Table 1. Univariate analysis was used to
compare the incidence of different intraoperative variables and outcomes in patients who
did and did not receive MB (Table 2). The mean surgery duration was >7 h (MB: 421 min
±152 vs. CG: 447 min ±169; p = 0.373), and the mean CPB time was approximately 3 h
(MB: 183 min ±104 vs. CG: 185 min ±109; p = 0.915). We found no significant differences
in intraoperative variables.
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Table 2. Perioperative variables of matched participants.

Methylene Blue
N = 60

Matched Control
N = 60

p-Value

Duration of surgery (min) 421 ±152 447 ±169 0.373
Bypass duration (min) 183 ±104 185 ±109 0.915

Duration of mechanical
ventilation (h) * 203 ±338 195 ±275 0.918

Length of hospitalization (d) 30 ±33 27 ±35 0.620
Length of ICU stay (d) ** 16 ±21 20 ±37 0.466

90-day survival 49 81.7 48 80.0 0.270
Perioperative variables are shown regarding the use of methylene blue versus standard therapy (matched control),
indicating mean (SD) or percentage, respectively. p-values indicate significance versus “methylene blue” group.
ICU: Intensive care unit. *: only data of 25 control cases available, **: only data of 55 control cases available.

MB was administered at a dose of 2 mg/kg total body weight (mean 161.5 mg ± 57.37 mg).
The hemodynamic effects compared to the matched pair group are presented in Figure 2.
Compared to that in the CG, the MAP in the MB group significantly recovered (Figure 2a)
within the first 30 (p = 0.036) and 60 min (p = 0.015) after diagnosis of VS. Simultaneously,
the amount of norepinephrine and vasopressin could be reduced faster in the MB group
than in the CG (Figure 2c,d). In addition, the cumulative amount of vasopressors used was
lower in the MB group (norepinephrine MB: 7.4 mg ±3.3 vs. CG: 9.7 mg ±6.7; p = 0.018
and vasopressin MB: 6.1 IE ±5.1 vs. CG: 11 IE ±13.4, p = 0.003; Figure 2e) without the need
to substitute more fluids. We only found a difference in the transfusion rates of fresh frozen
plasma (MB: 1304 mL ±1200 vs. CG: 2021 mL ±1905, p = 0.015; Figure 2c).

In addition, the 90-day survival (MB: 81,7% vs. CG: 80%, p = 0.270; Figure 3) and other
outcome variables did not differ between the groups: mean length of ICU stay (MB: 16 d
±21 vs. CG: 20 d ±37; p = 0.466), duration of mechanical ventilation (mean MB: 203 h ±338
vs. CG: 195 h ±275; p = 0.918), and length of hospitalization (MB: 30 d ±33 vs. CG: 27 d
±35; p = 0.62). In emergency cases, routine blood sampling could not be performed 24 h
prior to surgery. Due to this relevant lack of data, the comparison of preoperative values
was not meaningful. In the first three postoperative days, CRP and leucocytes did not differ
between groups (Figure 4). Regarding comorbidities, we found no higher incidence of liver
dysfunction (ALT) in the intervention group, but the MB group was associated with more
severe kidney dysfunction (creatinine, p = 0.036). Nonetheless, there were no differences in
the need of renal replacement therapy (RRT) between groups (27 of 60 patients each group,
data not shown).
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Figure 2. Effects after methylene blue administration in vasoplegic syndrome: The figures show the
median (25th–75th percentile) value in the main study group with regard to the use of methylene blue
(blue) versus standard therapy (grey). p-value indicates standard mean (SD). (A) Mean Arterial pres-
sure; (B) Cumulative fluid administration; (C) Actual norepinephrine dose; (D) Actual vasopressin
dose; (E) Cumulative vasopressoe amount.
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cantly (MB: 81.7% vs. CG: 80%; p = 0.270).
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Figure 4. Postoperative variables: Variables are shown with regard to the use of methylene blue versus
standard therapy (Matched Control), indicating mean (SD). (A) CRP; (B) Leucocytes; (C) Creatinine;
(D) ALT.

4. Discussion

The current study demonstrated that in our homogenous patient collective, early use
of MB after VS diagnosis during cardiac surgery with CPB seems to be associated with
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beneficial hemodynamic effects compared to the conventional vasopressor support. For MB
patients in our series, an improvement in hemodynamic stability within the first hour was
associated with a reduction in vasopressor support with norepinephrine and vasopressin.
In addition, even if the creatinine values in MB patients were significantly higher in the
early postoperative period, the incidence of RRT and postoperative 90-day mortality were
not affected.

VS can occur intraoperatively during or after CPB or postoperatively in the ICU [8].
In this study, the overall incidence of VS was 12.5%, which is in accordance with previous
reports that show VS occurring among 9–44% of patients undergoing cardiac surgery
with CPB [5,21]. VS can last for up to 72 h and is associated with increased mortality of
up to 25% [3,21]. Therefore, it is important to recognize VS early and start goal-directed
therapy immediately. Fluid administration and vasopressor therapy are considered first-
line treatments for VS. Despite the lack of reports showing superiority of one catecholamine
over the other, norepinephrine and vasopressin are reported to have positive effects in
VS treatment, ensuring adequate perfusion pressure in all organs. Over 20 years ago,
Argenziano et al. confirmed MAP increase and catecholamine reduction in VS treatment
with vasopressin [22,23]. Therefore, in our institution, vasopressin is used as a second-line
option in the case of vasoplegia. Nevertheless, in the case of persistent therapy-refractory
VS, further escalation strategies are required.

HY is a potent direct inhibitor of NO and NO synthase and increases the elimination of
an endothelial-bound endogenous vasodilator. These mechanisms are probably responsible
for HY’ additive effects in VS [10–12] and explain why its pharmacological effects differ
from those of MB. It is thought that MB inhibits soluble GC by oxidizing the heme domain,
thus preventing NO from binding and consequently decreasing the production in cGMP.
This mechanism prevents the relaxation of the vascular smooth muscles without directly
affecting the different nitric oxide synthase (NOS) isoforms [24,25]. Moreover, MB appears
to generate extracellular superoxide anion, which converts NO to nitrate and consequently
inhibits vasodilatation [26].

Out of these therapeutic options, different treatment approaches were proposed [9,27,28].
In contrast to previously published treatment regimens [28], Busse et al. recently recom-
mended to start vasopressin administration at lower doses of norepinephrine, followed by
MB in cases of therapy-refractory vasoplegia without contraindications.

Our results confirmed the beneficial effects of MB use on hemodynamics without
increasing postoperative complications, such as RRT, hepatic injury, and mortality. In
contrast, previous studies reported conflicting results regarding the use of MB in VS.
While some studies showed decreased cardiac output, reduced renal and hepatic blood
flow, higher incidence of arrhythmia, and increased early postoperative mortality after
treatment with MB [16–19], others showed hemodynamic stabilization [18,29–31]. VS
progresses with an immediate and profound decline in MAP without initial metabolic
or organ dysfunction [20]. To prevent organ damage, we consider it crucial to stabilize
hemodynamics and reduce the need for catecholamine as soon as possible. In contrast to
previous studies, we, therefore, analyzed data of patients with VS who received MB within
15 min after failure of hemodynamic stabilization with data of those who received standard
therapy and found that selected patients could benefit from early MB administration.
Delayed MB administration after the onset of complications and in combination with NOS
and GC capacity exhaustion could be responsible for the higher complication rates in
other studies [16]. In addition, other authors emphasized a time-dependent correlation
of MB efficacy [19,32,33], wherein MB has the best effect when NOS activity increases
and GC is upregulated, that is, within the first eight hours of VS. Therefore, delayed MB
administration might have no beneficial effects due to low GC and NOS levels [32,33].
Mehaffey et al. retrospectively compared intraoperative MB treatment for VS after CPB
with delayed treatment in the ICU and found that intraoperative administration improved
survival and reduced the risk of major adverse events [30]. Again, the results in our high-
risk patient collective showed that the vasopressor support was significantly lower with
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no effect on mortality following the administration of MB within 15 min after the onset
of vasoplegia. Therefore, early MB use after VS onset could be a promising therapeutic
strategy with low side effects. Prospective analyses are required to confirm these results.
The significant difference of fresh frozen plasma substitution between the groups might be
caused by the therapeutic attempt of intravascular fluid administration during persistent
severe hypotension despite crystalloid infusion and catecholamine support.

Despite MB´s benefits, its contraindications or potential risk factors should always be
identified. The use of MB in patients with glucose-6-phosphate dehydrogenase deficiency
might cause severe hemolysis [34,35] and existing antidepressant medication could induce
serotonin syndrome [36,37]. Additionally, the administration of MB leads to distorted
measurements of oxygen saturations during the time of application.

The best dosing regimen for MB is suggested to be a 2 mg/kg total body weight
intravenous bolus, followed by a 0.25–2 mg/kg/h continuous infusion, as reported by
Evora et al. [19]. At our institution, anesthesiologists administered only an intravenous
bolus without continuous infusion, which could be a limitation of this study. Due to
the long duration of the study and due to personnel changes in our department during
the study period, we think that practitioner effects might be compensated. Nevertheless,
this fact has to be addressed in a prospective trial. Another limitation of our study is
its single-center and retrospective design. In addition, we did not consider the severity
of vasoplegia in our analysis. Intraoperatively, transesophageal echocardiography was
used to exclude further impairment of contractility as a cause of hypotension. Within
72 h of arrival at the ICU, there were certain data gaps regarding ICU stay and duration
of mechanical ventilation due to the digital documentation. Additionally, no long-term
follow-up was performed. The patients included in this investigation are representative
of an adult cardiac surgery population admitted at a university hospital. However, we
reduced selection bias by utilizing propensity score-matching and analyzing a limited
period where MB was administered.

5. Conclusions

Early application of MB after the diagnosis of therapy-refractory VS, in our study,
was associated with an improvement of hemodynamic stability and reduced vasopressor
support within the first hour without increment in fluid administration. In this high-risk
patient collective bolus, MB use appears to be safe and seems to have additive effects to
standard vasopressor therapy without affecting mortality. Randomized controlled trials
are required to confirm our results.
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Abstract: Various regional anesthesia (RA) techniques were shown to reduce pain after lung surgery,
but controversies remain regarding the best technique to use to improve recovery. In this observational
prospective study, the aim was to assess the efficacy of an RA strategy depending on the surgical
approach. Patients who underwent lung surgery were included if an RA was planned following
our unit procedure (erector spinae plane block (ESP) for video-assisted thoracic surgery (VATS)
and thoracic epidural analgesia (TEA) or intrathecal analgesia (IA) for thoracotomy). Patients were
compared according to the RA used. In total, 116 patients were included, 70 (60%), 32 (28%),
14 (12%) in the ESP, TEA and IA groups, respectively. Between Day 1 and Day 3, median NRS values
were ≤4 at rest, and <50% patients experienced moderate-to-severe pain in each group. There were
no significant differences in opioid consumption and in pain at rest or during chest physiotherapy
on Days 1 and 2 between groups. However, patients who received an IA had lower NRS than other
groups on Day 0 and 3 and a shorter length of hospital stay in comparison with those who received a
TEA. Thus, in our institution, a strategy combining ESP for VATS and TEA, or IA for thoracotomy,
allowed for effective analgesia after a lung resection. Interestingly, IA appeared to be more effective
than TEA in reducing the length of hospital stay and pain on Day 0 and 3.

Keywords: postoperative pain; postoperative recovery; epidural analgesia; intrathecal analgesia;
erector spinae plane block; lung surgery; video-assisted thoracic surgery; thoracotomy

1. Introduction

Lung resection surgery is responsible for major postoperative pain [1], which increases
both morbidity and mortality [2]. This pain has a strong impact on patient recovery and
increases the length of hospital stay [3]. Regional anesthesia (RA) has a predominant role
among pain relief therapies available in this context [4], as it provides strong analgesia and
allows morphine consumption and morphine-related side effects to be reduced [5].

Thoracic epidural analgesia (TEA) has long been considered as the preferred technique
of analgesia after thoracic surgery as it reduces postoperative pain after video-assisted tho-
racoscopic surgery (VATS) or thoracotomy, and reduces postoperative ileus [6–9]. However,
epidural analgesia induces a sympathetic block that can cause intra- and postoperative
hypotension and acute urinary retention, and catheter placement can lead to neurological
damage in rare cases [10,11]. Thus, various other RA techniques have been developed and
assessed in thoracic surgery, such as the paravertebral block, the erector spinae plane block
(ESP), and intrathecal analgesia (IA) [12].
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The paravertebral block has proved its analgesic efficiency after thoracic surgery
and its ability to reduce hypotension, acute urinary retention, pruritus and postoperative
nausea and vomiting (PONV) in comparison with TEA [13,14]. Its benefit in reducing
postoperative pain has now been shown in both VATS and thoracotomy surgeries [15,16].
Therefore, the recent 2019 guidelines from the French Societies of Cardio-Vascular and
Thoracic Surgery (SFCTCV) and of Anesthesia and Critical Care (SFAR) recommended its
first-line use (i.e., before epidural analgesia) to facilitate early recovery after pulmonary
lobectomy [17]. However, the ESP, more superficially, seems to have similar properties
to the paravertebral block [18], and its realization seems to be easier and faster. Since
2016, the ESP has been increasingly used [19], and its use was shown to provide adequate
short- [20] and long-term pain control in thoracic surgery [21]. Nevertheless, few studies
so far have compared the ESP with other RA techniques. Finally, morphine IA seems to
be little used in lung surgery and has been little studied in this context. However, it has
shown to provide effective analgesia [22–24] and reduce the length of hospitalization stay
compared to multimodal analgesia without RA [25].

ESP, TEA, and IA are commonly used in our institution for thoracic surgery, following
a unit procedure. The procedure was developed to provide effective analgesia while
facilitating postoperative recovery, depending on the type of surgery. To our knowledge,
the three chosen blocks have not been evaluated as part of an overall strategy for the
management of patients who undergo lung surgery, including different surgical approaches.
The aim of our study was to assess the impact of a strategy using these three regional
anesthesia techniques on postoperative recovery after lung resection.

2. Materials and Methods

We conducted a prospective observational study at Angers University Hospital in
France. The study was approved by an Investigational Review Board (Comité d’Ethique du
CHU d’Angers, reference number 2019/97). It was registered in the French National Tech-
nologies and Civil Liberties Commission (number: ar19-0061v0) and in the ClinicalTrials
registry (number: NCT04147754). Patients were informed during anesthesia consultation,
and we obtained a patient agreement before inclusion to record their data.

2.1. Population

Inclusion criteria were adult patients undergoing an elective lung resection between
1 November 2019 and 1 November 2020 and who had a pre- or intra-operative regional
anesthesia technique using either erector spinae plane block, thoracic epidural analgesia or
intrathecal analgesia. Non-inclusion criteria were emergency or revision surgery, patients
under 18 years of age, pregnancy, patients with legal guardianship, no French-speaking
patients or contraindication to regional techniques.

The duration of inclusion period (one year) was chosen in order to obtain a relevant
number of patients in relation to the volume of pulmonary surgeries carried out in our unit,
while having homogeneous practices in terms of surgery, anesthesia, pain management
and postoperative rehabilitation.

2.2. Unit Procedure for Analgesic Management

In our department, the procedure of choice for the RA technique in lung surgery was
based on the surgical approach (VATS or thoracotomy) and the estimated conversion risk
to thoracotomy, assessed by the surgeon and discussed with the anesthesiologist (Figure 1).
However, the final choice of the RA technique was at the discretion of the anesthesiologist
in charge of the patient.

The erector spinae plane block was performed immediately after general anesthesia in-
duction in the lateral decubitus position. A 22-gauge 50 or 80 mm needle (Braun Ultraplex®

360) was inserted at a level between T5 and T8 under in-plane ultrasound guidance. After
gentle suction, about 30 mL of 3.8 mg/mL ropivacaine was slowly injected between the
erector spinae muscle and its anterior fascia.
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Figure 1. Choice procedure for the regional anesthesia technique to use in lung surgery at Angers
University Hospital, France.

The thoracic epidural catheter was inserted on the day of surgery (before induction of
anesthesia) or on the day before surgery. In the sitting position, the puncture was made at
the T7–T8 interspace with an 18-gauge Tuohy needle (Braun Perifix® ONE). A 2 or 3 mL
test dose of 2% xylocaine 0.0005% adrenaline was injected in the epidural space after
catheter insertion. At the start of surgery, a bolus (5 to 20 mL) of a 2 mg/mL ropivacaine
and 1 μg/mL sufentanil mixture could be carried out in the epidural catheter, followed
by an epidural infusion of a 2 mg/mL ropivacaine and 0.5 μg/mL sufentanil mixture.
The decision to inject a bolus and the initial epidural infusion rate was chosen by the
anesthesiologist in charge of the patient.

Intrathecal analgesia was performed immediately before general anesthesia induction.
In the sitting position, a needle (25- or 27-gauge needle depending on the anesthesiologist
habit, BD Whitacre®) was inserted into the L4–L5 interspace. A single intrathecal bolus
was carried out, using about 300 μg of morphine and 25 μg of sufentanil.

After surgery, patients were admitted either to the thoracic surgery ward (after at least
one hour of monitoring in the postanesthesia care unit (PACU)) or in the intensive care unit
(ICU). The choice was based on patient’s comorbidities, type of surgery (wedge, lobectomy
or pneumonectomy, VATS or thoracotomy), intraoperative complications, and the type
of RA used. In our unit, patient monitoring was carried out in ICU for patients who had
an IA (24 h minimum) and those who had a TEA (as long as the epidural infusion was
in progress).

2.3. Outcome Measurements

Data were prospectively collected in the preoperative period, during the surgery and
in the first three postoperative days. The objectives evaluating the impact of our analgesic
strategy were measured in the entire group of included patients, but also in each group
of patients who received a different regional analgesia. Thus, three groups of patients
were compared: patients who received an erector spinae plane block (ESP group), those
who received thoracic epidural analgesia (TEA group), and those who received intrathecal
analgesia (IA group).

To assess the efficiency of our analgesic strategy on recovery after lung surgery, our
primary outcome was the pain at Day 2 after surgery (at rest and on exertion), using the
numerical pain rating scale (NRS) with values between 0 and 10.

Main secondary outcomes included pain at other perioperative times (H2, Days 0, 1,
and 3), at rest (morning and evening) and during chest physiotherapy exercises, cumulative
morphine consumption until the third postoperative day, morphine-related adverse effects,
ICU or hospital length of stay, and effects on pulmonary function (Peak Expiratory Flow
(PEF)). Respiratory complications requiring specific therapies (non-invasive ventilation
(NIV), high-flow oxygen therapy, re-intubation, new pleural drainage, bronchoscopic suc-
tion, lung infection treated with antibiotic therapy), readmissions to ICU, revision surgery
requirements and deaths were recorded. The incidence of postoperative neuropathic pain
was also assessed.
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Data assessing the safety of regional anesthesia were also collected: neurological com-
plications (epidural hematoma, dural breach, motor function impairment, transient radicu-
lar irritation, confusion), hemodynamic complications (episodes of fluid bolus requirements
or use of vasoactive drugs) and cardiac complications (supra-ventricular tachycardia, acute
cardiac failure, cardiac arrest).

As oxycodone and morphine were used, orally and intravenously, an equianal-
gesic table proposed by the French Society for Palliative Care and Support (available at
http://www.sfap.org, accessed on 28 February 2022) was used to obtain the morphine-
equivalent consumption, as follows: 1 oral morphine = 1/2 oral oxycodone = 1/3 intra-
venous (IV) morphine and 1 IV morphine = 1 IV oxycodone.

2.4. Data Analysis

Anonymized data were recorded in Excel® software and statistical analysis was per-
formed using JMP® software (SAS Institute, Brie Comte Robert, France).

Data are reported as medians (25–75% interquartiles) or numbers (percentages) for the
entire group and for each subgroup of patients. As this study was an observational study
aiming to assess the impact of a global strategy on all patients, no sample size calculation
and power analysis were carried out prior to inclusions. Numerical data were compared
using the Kruskal–Wallis test when a unique p-value was given for the overall comparison
of the three groups, and a Mann–Whitney test was used when each group was compared
with each other. Categorical data were compared using the chi-2 or the Fisher’s exact test.
All tests were two-tailed and a p-value of less than 0.05 was considered significant.

As pulmonary outcomes are known to be different depending on the surgical approach,
and because TEA and IA were mostly carried out in patients who had a thoracotomy inci-
sion, a post hoc analysis was performed in the subgroup of patients who had a thoracotomy
incision (including converted VATS, lateral, posterolateral and anterolateral thoracotomies),
in order to compare outcomes of patients who had a TEA with those who had an IA.

3. Results

3.1. Population Characteristics

One-hundred and sixteen patients were included: 70 (60%) in the ESP group, 32 (28%)
in the TEA group and 14 (12%) in the IA group (flow chart in the Supplementary Material,
Figure S1). Patients’ demographic data are detailed in Table 1. The main surgical indication
was lung tumor resection (92%). Preoperative spirometry results were not significantly
different between the three groups.

Table 1. Preoperative characteristics.

All Patients
(n = 116)

ESP Group
(n = 70)

TEA Group
(n = 32)

IA Group
(n = 14)

p

Patients’ characteristics

Age (years) 64 (11) 64 (11) 63 (10) 66 (12) 0.48

Male 73 (63%) 41 (59%) 21 (66%) 11 (79%) 0.32

Height (cm) 169 (9) 169 (9) 169 (8) 170 (10) 0.76

Weight (kg) 72 (17) 70 (16) 72 (18) 81 (22) 0.16

ASA status

I 5 (4%) 2 (3%) 2 (6%) 1 (7%) 0.64

II 47 (41%) 28 (40%) 14 (44%) 5 (36%) 0.87

III 63 (54%) 39 (56%) 16 (50%) 8 (57%) 0.84

IV 1 (9%) 1 (1%) 0 0 0.72
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Table 1. Cont.

All Patients
(n = 116)

ESP Group
(n = 70)

TEA Group
(n = 32)

IA Group
(n = 14)

p

Medical history

COPD 39 (34%) 19 (27%) 16 (50%) 4 (29%) 0.08

Active smokers 27 (23%) 16 (23%) 7 (22%) 4 (29%) 0.88

Previous thoracic surgery 24 (21%) 13 (19%) 8 (25%) 3 (21%) 0.76

Previous thoracic radiotherapy 10 (9%) 6 (9%) 3 (9%) 1 (7%) 0.97

Diabetes 18 (16%) 12 (17%) 5 (16%) 1 (7%) 0.59

Chronic alcoholism 15 (13%) 10 (14%) 4 (12%) 1 (7%) 0.74

Psychiatric disease 8 (7%) 4 (6%) 3 (9%) 1 (7%) 0.80

Chronic pain 24 (21%) 16 (23%) 5 (16%) 3 (21%) 0.69

Preoperative respiratory function

FEV1 (L) 2.4 (1.9–2.9) 2.5 (1.9–3.0) 2.4 (1.8–2.8) 2.0 (1.8–3.1) 0.36

Tiffeneau index 71 (61–79) 71 (63–80) 66 (57–78) 69 (60–78) 0.28

Surgical indication

Diagnostic biopsy 5 (4%) 4 (6%) 0 1 (7%) 0.36

Lung infection 2 (2%) 1 (1%) 0 1 (7%) 0.22

Tumour resection 107 (92%) 65 (93%) 30 (93%) 12 (86%) 0.62

Other 2 (2%) 0 2 (6%) 0 0.07

Values are expressed as numbers (%), mean (standard deviation) or median (IQ 25–75%): ESP, erector spinae plane
block; IA, intrathecal analgesia; TEA, thoracic epidural analgesia.

3.2. Anesthetic and Surgical Data

The unit procedure for the choice of regional anesthesia was followed for 103 (89%)
patients, although 3 patients underwent primary thoracotomy in the ESP group, 5 patients
underwent VATS only in the TEA group, and 5 patients underwent VATS only in the IA
group, without prior high-risk criteria for conversion to thoracotomy (Table 2).

Table 2. Intraoperative anesthetic and surgical data.

All Patients
(n = 116)

ESP Group
(n = 70)

TEA Group
(n = 32)

IA Group
(n = 14)

ESP vs. TEA
p Value

ESP vs. IA
p Value

TEA vs. IA
p Value

Intravenous
anesthesia

Remifentanil
(mg) 1.6 (1.0–2.0) 1.5 (0.9–1.9) 1.8 (1.4–2.6) 2.0 (1.5–2.6) <0.01 0.01 0.74

Propofol (g) 1.7 (1.4–2.4) 1.6 (1.3–2.3) 1.9 (1.5–2.5) 2.2 (1.6–3.2) 0.07 0.01 0.24

IV morphine
equivalent (mg)

4 (4–5) 4 (4–5) 4 (4–5) 5 (3.75–5.25) 0.57 0.9 0.69

Paracetamol 113 (97%) 69 (98%) 30 (94%) 14 (100%) 0.23 1 1

Nefopam 70 (60%) 43 (61%) 19 (59%) 8 (57%) 1 0.77 1

NSAIDs 22 (19%) 18 (26%) 2 (6%) 2 (14%) 0.03 0.5 0.57

Ketamine 78 (67%) 52 (74%) 23 (72%) 3 (21%) 0.81 <0.01 <0.01
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Table 2. Cont.

All Patients
(n = 116)

ESP Group
(n = 70)

TEA Group
(n = 32)

IA Group
(n = 14)

ESP vs. TEA
p Value

ESP vs. IA
p Value

TEA vs. IA
p Value

Surgical
incision

Primary
thoracotomy 38 (33%) 3 (4%) 27 (84%) 8 (57%) <0.01 <0.01 0.24

Converted VATS 8 (7%) 3 (4%) 0 1 (%) 0.55 0.52 0.3

Not converted
VATS 70 (60%) 64 (91%) 5 (16%) 5 (%) <0.01 <0.01 0.24

Type of
resection

Lobectomy 69 (59%) 37 (53%) 23 (72%) 9 (64%) <0.01 0.24 0.17

Pneumonectomy 7 (6%) 0 6 (19%) 1 (7%) <0.01 0.16 0.65

Segmentectomy 7 (6%) 7 (10%) 0 0 0.33 1 0.41

Wedge 32 (28%) 26 (37%) 2 (6%) 4 (29%) 0.26 1 0.49

Biopsy 1 (8%) 0 1 (3%) 0 <0.01 0.02 0.4

Curage 80 (69%) 43 (61%) 26 (81%) 11 (79%) 0.06 0.3 1

Drains 1 (1–2) 1 (1–1) 2 (1–2) 1.5 (1–2) <0.01 0.01 0.57

Rib fractures 4 (3%) 1 (1%) 3 (9%) 0 0.09 1 0.54

Operating room
time (min)

173 (134–210) 170 (129–204) 191 (143–238) 170 (150–219) 0.03 0.44 0.42

PACU time
(min)

131 (114–169) 132 (120–165) 120 (84–256) 131 (67–195) 0.39 0.7 0.88

Values are expressed as numbers (%) or median (IQ 25–75%): ESP, erector spinae plane block; IA, intrathecal
analgesia; NSAIDs, non-steroidal anti-inflammatory drugs; PACU, post-anesthesia care unit; TEA, thoracic
epidural analgesia; VATS, video-assisted thoracoscopic surgery.

Concentrations and volumes used for the different types of RA followed the unit
procedure. For patients in the TEA group, TEA infusion was started intraoperatively (at
the beginning of the surgical procedure) for 14 (44%) patients only, and postoperatively for
the others. TEA was used with ropivacaine only (i.e., without sufentanil) for eight (25%)
patients. The postoperative infusion rate was between 3 and 8 mL/h, with a median rate of
5 (5–6) mL/h.

IV anesthetic data and surgical data are detailed in Table 2. Total doses of remifentanil
and propofol were less important in the ESP group. In most cases (69 patients (59%)), the
lung resection was a lobectomy.

3.3. Postoperative Pain

Using the NRS, the median pain on Day 2 (primary endpoint) for all patients was
2 (0–4.8) in the morning at rest, 0.5 (0–3) in the evening at rest, and 4 (2.5–5) on mobilization,
with 46 (40%) patients having at least once a pain score > 3 at rest during this day.

Detailed results of the pain scores measured between Day 0 and Day 3 are presented
in Figure 2. In the post-anesthesia care unit (PACU), pain was lower in the IA group than
in other groups. There were no significant differences at rest on Days 1 and 2 between the
three groups (Figure 2A). On H2 and on the evening of Day 3, pain at rest was significantly
lower in the IA group, in comparison with the TEA group. During chest physiotherapy
exercises, there was no significant difference in pain intensity between groups (Figure 2B).
On Day 0, there was a significant higher rate of patients with at least one episode of
moderate-to-severe pain (NRS ≥ 4) in the ESP group (Figure 2C).

26



J. Clin. Med. 2022, 11, 1376

Figure 2. Postoperative pain in the three groups: (A) pain at rest; (B) pain during mobilization
(during chest physiotherapy for Days 1 to 3); (C) percentage of patients with a moderate-to-severe
pain (NRS ≥ 4). Points with blue line, ESP group; squares with orange line, TEA group; triangle
with green line, IA group. The charts A and B show medians and (25–75%) interquartile range,
and the chart C shows percentages. *, p < 0.05 between ESP and IA groups; #, p < 0.05 between
TEA and IA groups; §, p < 0.05 between ESP and TEA groups. ESP, erector spinae plane block; IA,
intrathecal analgesia; TEA, thoracic epidural analgesia; NRS, numerical rating scale of the pain;
PACU, post-anesthesia care unit.
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All patients received opioids in the postoperative period, in the form of IV morphine
for 21 (16%) patients, IV oxycodone for 96 (83%) patients, oral morphine for 1 (<1%) patients,
and/or oral oxycodone for 87 (75%) patients. The details of opioids consumption are shown
in Table 3. There was no significant difference in the rate of patients who required opioids
throughout the hospitalization between the groups, except on H2 where a lower rate
of patients required opioids in the TEA group than in the ESP group. The amounts of
morphine equivalents received (oral or IV) were not significantly different between the
groups on Days 0, 1 and 2 and in total until the third postoperative day. However, these
amounts were higher on Day 3 in the TEA group.

Table 3. Postoperative pain and opioid consumption.

All Patients
(n = 116)

ESP Group
(n = 70)

TEA Group
(n = 32)

IA Group
(n = 14)

ESP vs. TEA
p Value

ESP vs. IA
p Value

TEA vs. IA
p Value

IV or oral
opioid use

Day 0 115 (99%) 70 (100%) 31 (97%) 14 (100%) 0.31 1 1

Day 1 95 (82%) 64 (91%) 19 (59%) 12 (86%) <0.01 0.61 0.09

Day 2 84 (72%) 50 (71%) 24 (75%) 10 (71%) 0.81 1 1.0

Day 3 69 (59%) 38 (54%) 23 (71%) 8 (57%) 0.12 1 0.49

IV morphine
equivalent

(for oral or IV
opioids) (mg)

H2 3 (0–7) 5 (0–8) 0 (0–3.5) 0 (0–4.5) <0.01 0.03 0.97

Day 0 14 (5–25) 16 (7–25) 10 (0–27) 16 (5–33) 0.16 0.94 0.46

Day 1 12.3
(2.5–23.3) 12 (6.5–22) 6.5 (0–35) 16 (6–24.5) 0.31 0.6 0.49

Day 2 10 (0–14.1) 8.8 (0–12.5) 11 (0.3–29.5) 7.5 (0–16.3) 0.05 0.69 0.28

Day 3 5 (0–10) 5 (0–10) 10 (0–18) 2.75 (0–10) <0.01 0.9 0.049

Total 44 (28.9–73.3) 44 (28.9–73.3) 41 (18–94.9) 57 (19.1–77.1) 0.96 0.80 0.86

Values are expressed as numbers (%) or median (IQ 25–75%). ESP, erector spinae plane block; IA, intrathecal
analgesia; TEA, thoracic epidural analgesia.

All patients (except one deceased) had a postoperative consultation with the surgeon
and/or the referring pulmonologist, and the presence of neuropathic pain was assessed
for 83 (72%) of them (50 days after surgery on average). In these patients, the incidence of
neuropathic pain was 34% and was not significantly different between the three groups,
although higher in TEA and IA groups (14 (28%), 9 (41%) and 5 (45%) in ESP, TEA and IA
groups, respectively, overall p-value = 0.39).

3.4. Postoperative Recovery

The first standing mobilization occurred earlier in the ESP group, and there were no
significant differences in peak expiratory flows measured on Days 1, 2 and 3 (Table 4).

Lengths of ICU and hospital stays were significantly longer in the TEA group than in
the two other groups (Table 4). When patients were hospitalized in ICU after the surgery,
the length of stay in ICU was significantly shorter in the ESP group, in comparison with
other groups.

There were significantly more lung infections, confusion, hypotension, supraventricu-
lar tachycardia and postoperative ileus in the TEA group compared to the ESP group. There
were no significant differences between the three groups in other respiratory, hemodynamic,
neurological, digestive, cardiac and urological complications (Supplementary Material,
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Table S1). Moreover, there were no significant differences in the rates of ICU readmission,
early surgical revision or death.

Table 4. Postoperative recovery parameters.

All Patients
(n = 116)

ESP Group
(n = 70)

TEA Group
(n = 32)

IA Group
(n = 14)

ESP vs. TEA
p Value

ESP vs. IA
p Value

TEA vs. IA
p Value

First time setting
in the chair (days)

1 (1–1) 1 (1–1) 1 (1–1) 1 (1–1) 0.02 0.18 0.49

First standing up
(days)

1 (1–1) 1 (1–1) 1 (1–2) 1 (1–2) <0.01 0.01 0.94

Drain
removal ≤ Day 3

68 59%) 52 (74%) 9 (28%) 7 (50%) <0.01 0.1 0.18

Urinary catheter
removal ≤ Day 3

76 (66%) 39 (93%) 25 (78%) 12 (92%) 0.09 1 0.4

PEF (% theoretical
value)

Day 1 35 (25–46) 37 (27–47) 35 (27–43) 25 (21–47) 0.62 0.37 0.44

Day 2 30 (24–38) 28 (24–40) 31 (21–35) 31 (24–38) 0.8 0.8 0.6

Day 3 37 (27–46) 41 (29–46) 31 (17–54) 34 (29–53) 0.19 0.7 0.42

Postoperative
admission to ICU

(vs. ward)
93 (80%) 47 (67%) 32 (100%) 14 (100%) <0.01 <0.01 1

Length of ICU
stay (days)

2 (1–4) 1 (0–2) 4 (3–6) 1 (1–2.5) <0.01 <0.01 <0.01

Length of hospital
stay (days)

5 (3–9) 4 (3–5) 10 (6–15) 6 (4–11) <0.01 0.07 0.046

Values are expressed as numbers (%) or median (IQ 25–75%). ESP, erector spinae plane block; IA, intrathecal
analgesia; ICU, Intensive care unit; PEF, Peak expiratory flow; TEA, thoracic epidural analgesia.

3.5. Post Hoc Analysis in Patients Who Underwent a Thoracotomy

Forty-two patients underwent an elective or unplanned thoracotomy; 27 (64%) of
them had a TEA and 9 (21%) an IA. In these patients, the length of ICU stay was reduced
in those who had an IA in comparison with a TEA (2 (1–4) vs. 4 (3–6) days, respectively,
p-value = 0.01). There were no significant differences in other analgesia and postoperative
recovery parameters, except for pain at rest, which was significantly lower in the IA group
on Day 3 in the evening (Supplementary Material, Table S2).

4. Discussion

In our center, a regional anesthesia strategy based on the surgical approach and on the
risk of conversion to thoracotomy allowed for effective postoperative analgesia, regardless
of the type of block used, and rapid recovery according to the type of surgery received.
Interestingly, in the subgroup of patients who underwent a thoracotomy, postoperative
pain and recovery tended to be better in patients who received intrathecal analgesia in
comparison with epidural analgesia.

Postoperative pain after lung surgery is often severe, and RA has shown its value
in this context. Epidural analgesia has long been shown to be the gold standard for this
surgery because of its benefits for postoperative pain, pulmonary function and on limiting
the side effects associated with the use of morphine [26,27]. However, two important
developments marked a turning point for pain and recovery after thoracic surgery: the
development of VATS [28], which limits the surgical incision and prevents pain associated
with rib fractures, and the development of lateral and posterior wall blocks, which limit
the hemodynamic and respiratory repercussions linked to central blocks [29,30]. These
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blocks have been the subject of a relatively large number of studies, and most of them were
shown to be effective, compared to a placebo [31,32] or epidural or other blocks [33]. In
clinical practice, however, the choice of a technique remains difficult and often depends on
the experience of the center and especially of the anesthesiologist in charge of the patient.
In our center, we decided to adapt this choice to the risk of conversion to thoracotomy.
To our knowledge, this type of strategy has been little evaluated, and, in particular, the
three blocks that we chose have not been compared together, although they are likely to be
frequently used in other centers.

We observed here that the use of these three blocks allowed adequate analgesia in
patients, with less than 50% of patients who had at least moderate pain, and relatively
low pain scores at rest. These results are compatible with those found in the existing
literature. Indeed, with VATS, the mean pain score was most of the time inferior to 3 [34].
For thoracotomy, when multimodal analgesia included an RA, pain was low or moderate
in most cases [14,28]. Furthermore, even if there was no intrathecal infusion when IA was
used in our unit, there was no significant difference in pain scores from Day 0 to Day 2
between IA and TEA. Despite the small number of patients who had intrathecal analgesia
in our study, this result is interesting because it confirms the effectiveness of this technique
in thoracic surgery [35].

Despite the effectiveness of central blocks, more peripheral blocks such as pectoralis
block, serratus block and ESP were proposed with the aim of facilitating recovery [36]. One
of the underlying ideas is that, at the doses achieved, central blocks most often require
hospitalization with continuous monitoring or hospitalization in ICU, which could slow
down recovery, despite the less-invasive nature of the surgery (in the case of VATS in
particular). In our study, as expected, patients who had an ESP were most of the time
patients who had a VATS (not converted to thoracotomy) and we confirmed that their
hospital length of stay was shorter than in the other groups. Interestingly, the inclusion
of both VATS and thoracotomies in the same center allowed us to observe that patients
who had a VATS experienced the most pain at Day 0 (vs. patients who had thoracotomy),
despite a lower number of drains. This observation calls into question the use of ESP in
this indication in comparison with other blocks such as the paravertebral block currently
recommended in this indication [17]. In addition, when we compared TEA and IA groups,
patients who had an IA had less severe pain on Day 3, but also a shorter ICU length of stay,
including in the subgroup of patients who only had a thoracotomy. While studies have
already compared IA with TEA in thoracic surgery [37], new, prospective and randomized
controlled studies now seem necessary to verify whether intrathecal analgesia could allow
an earlier recovery than epidural analgesia, especially since we know that early recovery
can improve postoperative morbidity in this context.

Additionally, and interestingly, we did not observe any differences between IA and
TEA using respiratory recovery criteria such as pain during chest physiotherapy, removal
of drains, and early patient mobilization. On the other hand, this strategy made it possible,
as desired, to obtain good results in patients who had an ESP, i.e., those who mainly had a
VATS surgery, as already observed in previous studies [38,39].

Our study has some limitations, linked in part to its observational nature and the
relatively low number of patients (number of patients over one year in our center). This
design had the advantage of assessing in real practice the impact of our protocol on pain
and recovery. Its limited duration made it possible to observe these results with similar
anesthetic and surgical techniques, same anesthesiologists and surgeons, and with similar
postoperative pain and rehabilitation managements. Moreover, the study included all types
of surgical approaches, i.e., VATS, VATS converted to thoracotomies, and thoracotomies.
This design resulted in the inclusion of patients with different postoperative conditions
and an uneven number of patients between groups. However, this imbalance between the
groups is likely consistent with the proportions of patients with a VATS or a thoracotomy
in centers performing pulmonary resections. In addition, this choice allowed us to verify
under similar conditions if this strategy, which included three possible RA techniques, was
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relevant for the management of all of these patients who were to undergo lung resection in
our department. These results now encourage an exploration of the value of this strategy,
or of strategies using other blocks, in controlled and multicentric trials.

5. Conclusions

In our institution, a regional anesthesia strategy based on the risk of conversion to
thoracotomy—combining an erector spinae plane block for video-assisted thoracoscopic
surgery, thoracic epidural analgesia for thoracotomy, and intrathecal analgesia as a possible
alternative—allowed for adequate postoperative analgesia and rapid recovery. Interestingly,
in the subgroup of patients who underwent a thoracotomy, some of these parameters were
better in patients who received intrathecal analgesia, in comparison with epidural analgesia.
These results need to be confirmed by stronger prospective and controlled studies.
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Abstract: The protective mechanism of hypoxic pulmonary vasoconstriction during one-lung ven-
tilation (OLV) is impaired in patients with a low diffusing capacity for carbon monoxide (DLCO).
We hypothesized that iloprost inhalation would improve oxygenation and lung mechanics in pa-
tients with low DLCO who underwent pulmonary resection. Forty patients with a DLCO < 75%
were enrolled. Patients were allocated into either an iloprost group (ILO group) or a control group
(n = 20 each), in which iloprost and saline were inhaled, respectively. The partial pressure of arterial
oxygen/fraction of inspired oxygen (PaO2/FiO2) ratio, pulmonary shunt fraction, alveolar dead
space, dynamic compliance, and hemodynamic parameters were assessed 20 min after the initiation
of OLV and 20 min after drug administration. Repeated variables were analyzed using a linear mixed
model between the groups. Data from 39 patients were analyzed. After iloprost inhalation, the ILO
group exhibited a significant increase in the PaO2/FiO2 ratio and a decrease in alveolar dead space
compared with the control group (p = 0.025 and p = 0.042, respectively). Pulmonary shunt, dynamic
compliance, hemodynamic parameters, and short-term prognosis were comparable between the two
groups. Selective iloprost administration during OLV reduced alveolar dead space and improved
oxygenation while minimally affecting hemodynamics and short-term prognosis.

Keywords: one-lung ventilation; diffusing capacity for carbon monoxide; iloprost; oxygenation

1. Introduction

One-lung ventilation (OLV) is required for operative procedures in the thoracic cavity.
However, OLV aggravates ventilation–perfusion (V/Q) mismatch and commonly results in
hypoxemia, which has an incidence of 5–10% [1]. Hypoxemia of the nonventilated lung
triggers hypoxic pulmonary vasoconstriction (HPV), an autoregulatory mechanism that
decreases the shunt fraction by diverting total pulmonary blood flow from the nonventilated
lung to the ventilated lung [2,3].

The diffusing capacity for carbon monoxide (DLCO) measures the ability of the gas
to diffuse across the alveolar–capillary membrane [4]. Reduced DLCO is an independent
risk factor for increased mortality and perioperative complications related to hypoxia [5,6].
The risk of hypoxia is further increased when patients with low DLCO undergo surgeries
requiring OLV because the protective mechanism of HPV is impaired owing to altered
compliance of the pulmonary artery [7].

Pharmacological modulation of pulmonary perfusion to reduce V/Q mismatch is
gaining interest, and inhaled iloprost is recognized to enhance oxygenation in patients
with acute respiratory distress syndrome (ARDS), pulmonary arterial hypertension, and
chronic obstructive pulmonary disease [8,9]. Yet, limited evidence exists regarding the
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use of iloprost in pulmonary resections, especially in patients with low DLCO. Hence, we
hypothesized that despite impaired HPV in these patients, iloprost administration would
reduce V/Q mismatch by inducing favorable modulation of pulmonary perfusion. This
study aimed to investigate the effects of iloprost on oxygenation and lung mechanics in
patients with low DLCO who underwent OLV.

2. Materials and Methods

2.1. Study Population

This prospective, randomized controlled study included patients who were scheduled
for videoscope-assisted thoracoscopic single pulmonary lobectomy between September
2015 and June 2017 and adhered to the applicable Consolidated Standards of Reporting
Trials (CONSORT) guidelines. The study was approved by the Institutional Review Board
(IRB, no. 4-2015-0706) of Severance Hospital, Yonsei University Health System (Seoul,
Republic of Korea), and was registered at Clinicaltrials.gov (NCT 02784899). After IRB
approval, informed consent was obtained from all subjects involved in the study, and the
study methods were performed in accordance with the relevant guidelines and regulations.
The inclusion criteria were as follows: (1) DLCO < 75%, (2) age between 40 and 80 years,
(3) American Society of Anesthesiologists physical status class between II and III. The
exclusion criteria were heart failure (New York Heart Association class III or IV), anemia,
arrhythmia, severe hepatic or renal disease, and history of chemotherapy or radiation
therapy prior to the surgery. Anemia was defined as hemoglobin concentration <12.0 g/dL
in women and <13.0 g/dL in men [10].

2.2. Anesthetic Management

Anesthesia was induced with propofol (1.0–2.0 mg/kg), remifentanil (0.5–1.0 μg/kg),
and rocuronium (0.8–1.0 mg/kg). All patients were intubated with left-sided double-lumen
tubes (Shiley double-lumen endobronchial tube (DLT); Covidien, Mansfield, MA, USA).
The correct positioning of the DLT was confirmed using a fiberoptic bronchoscope before
OLV was provided. The radial artery was cannulated, and a 7-Fr central venous catheter
(Arrow; Teleflex Inc., Wayne, PA, USA) was placed in the right internal jugular vein. Me-
chanical ventilation was provided using autoflow pressure-controlled ventilation mode
(Primus; Dräger Medical, Lubeck, Germany). Anesthesia was maintained with 1.0–2.0 vol%
sevoflurane and 0.1–0.3 μg/kg/min remifentanil targeted at bispectral index (BIS VISTA;
Aspect Medical Systems, Norwood, MA, USA) between 40 and 60. Intraoperatively, bal-
anced crystalloids were administered at a rate of 3 mL/kg/h, and additional crystalloids
were administered to compensate for blood loss. Vasoactive drugs, such as ephedrine, were
administered if systolic blood pressure (SBP) fell below 80 mmHg.

After turning a patient into the lateral decubitus position, OLV was initiated. The
tidal volume was set at 6 mL/kg, and the inspiratory–expiratory ratio was set at 1:2. The
fraction of inspired oxygen (FiO2) level was initially set at 0.6. In cases of desaturation
(SpO2 < 95%), the FiO2 level was increased by 0.2, up to 1.0, and positive end-expiratory
pressure (PEEP) of 5 mmHg was applied if SpO2 ≥ 95% was still not achieved.

2.3. Study Design and Outcome Measurements

All enrolled patients were allocated to the study groups using a randomized sequence,
and the surgeon and anesthesiologist were blinded to the group allocation. Patients were
randomly allocated to either an iloprost group (ILO group) or a control group. Twenty
minutes after the initiation of OLV, iloprost (20 μg (2 mL), Ventavis; Bayer AG, Leverkusen,
Germany) was administered to patients allocated to the ILO group. Iloprost was mixed
with normal saline (3 mL) and aerosolized using an ultrasonic nebulizer (PARI BOY SX;
PARI GmbH, Starnberg, Germany) connected to the inspiratory limb of the ventilator
system. A comparable volume (5 mL) of normal saline was aerosolized to the patients in
the control group. Interventional medications were administered for 20 min.
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The study time points were as follows: (1) 20 min after the initiation of OLV in the
lateral decubitus position (T1) and (2) 20 min after iloprost or normal saline administration
(T2). During each study period, respiratory and hemodynamic parameters were recorded,
and arterial and venous blood samples were collected. Respiratory parameters included
FiO2, end-tidal carbon dioxide (etCO2), the ratio of partial pressure of arterial oxygen
to FiO2 (PaO2/FiO2), partial pressure of arterial oxygen (PaO2), arterial oxygen satura-
tion (SaO2), pulmonary shunt (Qs/Qt), alveolar dead space, and dynamic compliance.
Hemodynamic parameters included heart rate, arterial blood pressure, and central venous
pressure. A blood gas analyzer (GEM Premier 4000; Instrumentation Laboratory, Lexington,
MA, USA) was used to assess hemoglobin (Hb), PaO2, SaO2, partial pressure of arterial
carbon dioxide (PaCO2), partial pressure of venous oxygen (PvO2), and venous oxygen
saturation (SvO2).

The shunt fraction (Qs/Qt) was calculated using the following formula: (Qs/Qt =
(CcO2 − CaO2)/(CcO2 − CvO2), where CaO2 = (1.34 × Hb × SaO2) + (0.0031 × PaO2),
CvO2 = (1.34 × Hb × SvO2) + (0.0031 × PvO2), and CcO2 = (1.34 × Hb) + (0.0031 × [FiO2
× (Patm − PH2O) − PaCO2/RQ]), where CcO2, pulmonary capillary blood oxygen content;
CaO2, arterial oxygen content; CvO2, venous oxygen content; Patm, atmospheric pressure
(760 mmHg at sea level); PH2O, partial pressure of water (45 mmHg); RQ, respiratory
quotient (0.8). The dead space ventilation was calculated according to the Hardman
and Aitkenhead equation (1.135 × (PaCO2 − EtCO2)/PaCO2 − 0.005) [11]. Dynamic
compliance was calculated using the following equation: [tidal volume/(plateau airway
pressure-PEEP)]. The incidences of intraoperative hypotension (SBP < 80 mmHg) and
hypoxia (SpO2 < 90%) were recorded. Short-term prognosis, including hospital stay, and
postoperative complications, such as air leak requiring chest tube insertion, pneumonia,
and in-hospital mortality, were assessed.

2.4. Statistical Analysis

The primary outcome was the change in PaO2/FiO2 at 20 min after iloprost inhalation
(T2), and the secondary outcome was the change in other respiratory mechanics, such as
alveolar dead space, shunt fraction, and dynamic compliance. A previous study reported
that the standard deviation of the PaO2/FiO2 ratio was 60 mmHg for an inhaled-iloprost
group [9]. A mean difference of 60 mmHg for the PaO2/FiO2 ratio between the ILO and
control groups was considered clinically significant in the preliminary data for the first
10 patients after iloprost administration. Hence, 17 patients were required in each group
with a power of 80% and a significance level of 0.05. Considering a 10% dropout rate,
20 patients were included in each group. The unpaired Student’s t-test was used to analyze
continuous variables, and the Wilcoxon signed-rank test was used to analyze variables that
did not meet normality. Chi-square or Fisher’s exact test was used to compare categorical
variables between the groups. Repeated variables were analyzed using a linear mixed
model with the group and time and the interaction between groups and time as a fixed
effect. Post hoc analysis with Bonferroni correction for within-group comparisons versus
T1 and between-group comparisons versus T2 was performed for multiple comparisons.
The results were expressed as mean (standard deviation), median (interquartile range),
or number (percentage). Statistical analyses were performed using SPSS 25.0 software
(IBM Corp., Armonk, NY, USA), and p < 0.05 was considered statistically significant.

3. Results

Forty patients scheduled to undergo video-assisted thoracoscopic single pulmonary
lobectomy were enrolled in this study. As OLV could not be achieved during the mea-
surement period owing to persistent hypoxia in one patient, data from the remaining
39 patients were assessed (Figure 1).
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Figure 1. Patient enrollment.

Intergroup comparisons of the preoperative variables between the ILO and control
groups are presented in Table 1. Age, sex, height, weight, body mass index, and ASA
classification were comparable between the groups. Incidence of hypertension and diabetes
mellitus, history of cigarette smoking, incidence of pulmonary abnormalities according to
preoperative computed tomography, variables derived from preoperative spirometry, and
DLCO were also similar between the groups. None of the patients were associated with
cardiac diseases such as heart failure.

Table 2 shows intergroup comparisons of the intraoperative data. All variables, includ-
ing initial SpO2 measured at patients’ arrival at the operating room, side of the operation,
anesthesia time, operation time, OLV time, incidence of intraoperative hypotension, intake
fluid, urine output, and estimated blood loss during surgery, were comparable between the
two groups with the exception of incidence of hypoxia requiring anesthetic intervention,
which was more frequent in the control group (p = 0.031). Mean blood pressure, heart rate,
and central venous pressure were also similar between the two groups (Figure 2).
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Table 1. Preoperative data.

ILO Group (n = 20) Control Group (n = 19) p-Value

Age (years) 68 ± 9 63 ± 10 0.173
Women (n) 10 (50) 6 (31.6) 0.242
Height (cm) 159.3 ± 10.4 164.2 ± 9.5 0.125
Weight (kg) 63.8 ± 11.9 68.1 ± 12.8 0.280
Body mass index (kg/m2) 24.7 ± 4.4 25.0 ± 3.6 0.674
ASA classification 2/3 (n) 11 (55)/9 (45) 9 (47.4)/10 (52.6) 0.634
Hypertension (n) 6 (30) 7 (37) 0.651
Diabetes mellitus (n) 4 (20) 4 (21) 0.935
Smoking history 0.113

Ex-smoker or current smoker (n) 11 (55) 15 (78.9)
Nonsmoker (n) 9 (45) 4 (21.1)
Smoking index (pack × years) 10 (0–50) 31 (3–41) 0.398

Preoperative chest CT
Atelectasis (n) 2 (10) 0 (0) 0.157
Bronchiectasis (n) 2 (10) 0 (0) 0.157
Pleural effusion (n) 1 (5) 2 (11) 0.517
Emphysema (n) 10 (50) 7 (36.8) 0.408
Interstitial lung disease (n) 3 (15) 5 (26.3) 0.382

Preoperative spirometry
FEV1 (L) 1.9 ± 0.6 2.6 ± 2.3 0.173
FEV1 (% predicted) 88.9 ± 20.7 83.3 ± 17.7 0.368
FVC (L) 2.8 ± 0.9 3.1 ± 1.0 0.320
FVC (% predicted) 89.5 ± 15.6 84.7 ± 19.0 0.388
FEV1/FVC (%) 69.6 ± 11.1 71.5 ± 13.6 0.517

DLCO (% predicted) 65.5 ± 6.1 61.1 ± 10.6 0.117

Data are presented as mean ± standard deviation, number (%), or median (interquartile range). ASA, American
Society of Anesthesiologists; CT, computed tomography; FEV1, forced expiratory volume in 1 s; FVC, forced vital
capacity; DLCO, diffusion capacity of the lung for carbon monoxide.

Table 2. Intraoperative data.

ILO Group (n = 20) Control Group (n = 19) p-Value

Initial SpO2 at room air (%) 98 (97–99) 96.0 (95–99) 0.918
Lobectomy (right/left) (n) 11 (55)/9 (45) 9 (47)/10 (53) 0.634
Anesthesia time (min) 200 (180–225) 183 (151–233) 0.473
Operation time (min) 138 (120–161) 118 (100–175) 0.336
OLV time (min) 115 (95–135) 103 (81–149) 0.603
Hypotension (n) 8 (40.0) 12 (63.2) 0.206
Hypoxia (n) 1 (5.0) * 6 (31.6) 0.031
Intake fluid (mL) 1315.8 ± 316.9 1454.0 ± 581.3 0.356
Urine output (mL) 241.3 ± 161.1 256.4 ± 152.3 0.768
Estimated blood loss (mL) 102.5 ± 63.8 136.0 ± 110.6 0.248

Data are presented as mean ± standard deviation, number (%), or median (interquartile range). SpO2, oxygen
saturation (pulse oximetry); OLV, one-lung ventilation; hypotensive event defined as the incidence of systolic blood
pressure < 80 mmHg; hypoxic event defined as the incidence of SpO2 < 90% requiring anesthetic intervention.
* p < 0.05 vs. control group.
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Figure 2. Effects of iloprost on hemodynamics. (A) Mean blood pressure, (B) heart rate, and
(C) central venous pressure. Error bars represent standard deviation. No significant differences were
observed between the two groups. T1, 20 min after initiation of one-lung ventilation in the lateral
decubitus position; T2, 20 min after iloprost or saline administration.

The oxygenation parameters, lung mechanics, and hemodynamic data are shown
in Table 3. No clinically relevant differences were observed between the two groups at
T1. After iloprost administration, the ILO group showed a significant increase in the
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PaO2/FiO2 ratio, PaO2, and SaO2 and a decrease in alveolar dead space when compared
with T1 (p = 0.044, p = 0.044, p = 0.024, and p < 0.001, respectively), which also resulted
in significant differences compared with the control group. The pulmonary shunt at T2
was significantly decreased when compared with T1 in the ILO group (p = 0.014), but the
difference compared with that of the control group was insignificant. Changes in dynamic
compliance were insignificant among the groups.

Table 3. Effects of iloprost on hemodynamics, oxygenation, and lung mechanics.

ILO Group (n = 20) Control Group (n = 19) p-Value

FiO2 0.157
T1 0.6 (0.6–0.9) 0.6 (0.6–0.7)
T2 0.6 (0.6–0.8) 0.8 (0.6–0.8)

PaO2/FiO2 ratio (mmHg) 0.025
T1 125.9 (100.1–222.0) 138.3 (110.0–191.7)
T2 141.4 (120.8–247.7) *† 128.3 (100.0–161.8)

PaO2 (mmHg) 0.044
T1 84.8 (70.3–139.7) 83.0 (74.0–116.0)
T2 104.7 (82.3–148.6) *† 81.0 (81.0–110.3)

SaO2 (%) 0.026
T1 95.0 (92.8–98.5) 94.2 (92.8–97.3)
T2 97.1 (95.5–99.8) *† 95.3 (92.2–97.3)

Pulmonary shunt (%) 0.027
T1 27.0 ± 17.9 25.1 ± 17.8
T2 18.4 ± 11.8 * 26.6 ± 14.4

Alveolar dead space 0.042
T1 16.4 ± 5.0 19.2 ± 11.6
T2 10.8 ± 7.3 *† 19.2 ± 11.0

Dynamic compliance
(mL/cm H2O) 0.055

T1 20.0 ± 5.3 21.4 ± 4.7
T2 21.5 ± 7.9 20.2 ± 4.5

Data are presented as the median (interquartile range) or mean ± standard deviation. FiO2, fraction of inspired
oxygen; T1, 20 min after initiation of OLV (one-lung ventilation) in the lateral decubitus position; T2, 20 min
after iloprost or saline administration; PaO2/FiO2 ratio, the ratio of partial pressure of arterial oxygen to FiO2;
PaO2, partial pressure of arterial oxygen; SaO2, arterial oxygen saturation. Group × time, linear mixed model
analysis as a random effect; and group, time, and group-by-time as fixed effects, * p < 0.05, vs. T1; † p < 0.05, vs.
control group.

The short-term prognosis of the patients is presented in Table 4. No significant differ-
ences in the duration of hospital stay or the incidence of postoperative complications, such
as air leak, postoperative pneumonia, and in-hospital mortality, were observed between
the two groups.

Table 4. Short-term prognosis.

ILO Group (n = 20) Control Group (n = 19) p-Value

Hospital days 6 (5–8) 7 (4–9) 0.540
Postoperative
complications 3 (15.0) 6 (31.6) 0.219

Air leak 1 (5.0) 3 (15.8) 0.267
Pneumonia 2 (10.0) 4 (21.1) 0.339
In-hospital

mortality 1 (5.0) 2 (5.3) 0.970

Data are presented as median (interquartile range) or number (%).

4. Discussion

In this study, we demonstrated that the selective administration of iloprost to venti-
lated lungs during OLV significantly reduced alveolar dead space and improved oxygena-
tion in patients with low DLCO.
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Reduced DLCO is associated with the loss of alveolar membrane surface area and
vascular remodeling, resulting in a reduced alveolar–capillary membrane diffusing capac-
ity [12–14]. All patients exhibited mild to moderate decreases in DLCO in the context of
normal spirometry. A preoperative CT scan indicated early stages of diffuse interstitial
lung disease or emphysema in most of the patients. Although all patients maintained
SpO2 ≥ 95% at the end of the surgery, transient declines of SpO2 < 90% were observed in
seven patients during OLV despite the application of increased FiO2 or PEEP. The incidence
of hypoxia in our study surpassed that of healthy patients (18% vs. 5–10% [1]), indicating
that impaired HPV, expressed as low DLCO [7], aggravated V/Q mismatch during OLV.

The favorable effect of inhaled iloprost on oxygenation is well-described in patients
with ARDS [15]. A similar mechanism would be favorable in patients undergoing OLV;
however, evidence regarding the effect of iloprost administration in such a cohort is scarce.
Choi et al. reported improved oxygenation and decreased intrapulmonary shunts with
iloprost use in pulmonary resections; however, their study excluded patients with abnor-
malities in preoperative spirometry [16]. Our results suggested that consistent outcomes
were observed in patients with low DLCO and that iloprost significantly reduced alveolar
dead space, which contributed to an increased PaO2/FiO2 ratio. In addition, the incidence
of hypoxia was significantly less frequent in the ILO group.

However, contradictory results have been reported regarding inhaled iloprost and
oxygenation [17,18]. A potential explanation is that the nonselective delivery of iloprost in
awake patients may have led to conflicting results in those studies. We presume that to
improve oxygenation using iloprost, the administration of the drug should be restricted to
well-ventilated areas of the lung. Therefore, the use of a lung separation device, such as
DLT, provides an ideal environment for iloprost administration in thoracic surgeries as it
strictly confines the delivery of iloprost to the ventilated lung, which favorably redistributes
the pulmonary perfusion from the nonventilated lung to the ventilated lung.

Concerns may arise regarding the safety of iloprost use in pulmonary resection. Al-
though a previous study demonstrated that iloprost did not induce systemic adverse events
in patients with ARDS [9], it may still be associated with a significant decrease in systemic
blood pressure [19]. However, our results indicated that the incidence of intraoperative
hypotension was comparable between the two groups. Another concern is that iloprost
may be associated with the inhibition of platelet activation [9]; however, estimated blood
loss was comparable between the two groups, and none of the patients in the ILO group
required intraoperative transfusion. The incidence of postoperative complications and the
duration of hospital stay were also similar between the two groups, which supports the
notion that acute inhalation of iloprost (20 μg) is less likely to be associated with adverse
events during the intraoperative and postoperative periods.

This study had some limitations. First, our patients rarely exhibited a decrease in
DLCO < 40% preoperatively, which limits the efficacy of inhaled iloprost in patients with
a mild to moderate severity grade of low DLCO. However, because a very low DLCO
greatly increases the risk of morbidity and mortality after pulmonary resection [20,21],
such patients are rarely introduced to the operating room. Second, the initiation of PEEP
was delayed until hypoxia occurred despite elevated FiO2 to demonstrate the effect of
iloprost because PEEP may compress the small interalveolar vessels of the ventilated
lung [22], which hinders the vasodilation effect of iloprost and aggravates V/Q mismatch.
Third, because a pulmonary artery catheter is not routinely used in single pulmonary
lobectomy, we were unable to acquire blood samples from the pulmonary artery. Instead,
right atrial blood samples were used to calculate the shunt fraction, although evidence
supports that pulmonary arterial blood samples can be substituted for right atrial blood
samples [23]. In addition, we could not exclude the presence of intraoperative pulmonary
hypertension in the absence of the pulmonary artery catheter, although even a mild grade
of chronic obstructive pulmonary disease may be associated with increased pulmonary
arterial stiffness [7].
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In conclusion, the results of this study support the use of iloprost inhalation as a possi-
ble rescue strategy against hypoxia during OLV. Selective iloprost administration during
OLV reduced alveolar dead space and improved oxygenation while minimally affecting
intraoperative hemodynamics and short-term prognosis in patients with low DLCO.
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Abstract: Tourniquet use during total knee arthroplasty improves the surgical field, but is associated
with several complications. The medical records of 506 patients who underwent elective total knee
arthroplasty or total knee replacement from January 2017 to December 2020 were reviewed. A total of
331 patients who had undergone total knee arthroplasty were included. In the first half course group,
the tourniquet was inflated with a pressure of 300 mmHg after manual banding before the incision
and deflated after cement insertion. In the two-stage group, the tourniquet was inflated and deflated
at the same stages of the procedure as in the first half course group. However, in this second group,
the tourniquet was deflated for 15 min and then inflated again, and, finally, it was deflated after skin
closure. The estimated blood loss, the number of patients who needed medications to control their
blood pressure, and opioid usage at the post-anesthesia care unit were similar in both groups. The
two-stage tourniquet technique was not related to reduced total blood loss in total knee arthroplasty.

Keywords: total knee replacement; arthroplasty; tourniquet; transfusion; vital stability

1. Introduction

With a growing population of older adults in Korea, the number of knee arthroplasty
procedures is increasing annually. The number of joint arthroplasty operations increased
from 64,515 in 2010 to 85,592 in 2020. Tourniquet use during total knee arthroplasty (TKA)
or total knee replacement (TKR) improves the surgical field of view [1,2] and facilitates
cement injection. Additionally, it has the advantage of reducing the amount of bleeding [3]
during and after surgery, and shortening operation times [4]. However, it can sometimes
cause damage to nerves [5], blood vessels, and muscles, causing swelling or restrictions
to the postoperative range of motion [6,7]. Several studies have demonstrated that pain
and swelling after surgery can be reduced by reducing the tourniquet application time
or lowering the tourniquet pressure [8], but this is still a controversial topic [2]. The
typical duration of tourniquet application in TKA is from the beginning to the end of
the procedure [9]. However, this tends to destabilize the patient’s vital signs [10–12] and
increase the amount of fluid or blood administered. Sudden restoration of blood flow after
long-term tourniquet application may impair the circulation of blood to the cardiovascular
system or cerebrovascular system, thereby worsening the patient’s prognosis [13]. Reducing
the tourniquet time or lowering the pressure may disturb the surgeon’s field of view,
increase the operation time, or reduce the accuracy of the operation [14]. Recently, during
TKA at our hospital, we have been implementing a two-stage application process, involving
tourniquet re-application after 15 min of tourniquet off-time after cement injection. In the
past, the tourniquet was only applied until the injection of cement, but we switched to
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the method of applying the tourniquet again after a 15 min tourniquet off-time, until skin
closure. As the duration of uninterrupted tourniquet inflation increased the likelihood
of neural dysfunction [15], it was expected that this method would reduce the amount of
bleeding by applying the tourniquet until the end of skin closure, but would not increase
the complications due to the 15 min resting period. In previous studies, the outcomes have
been compared with a lack of tourniquet use [6], loosening the tourniquet after cement
injection, or even after the skin incision [16,17]. However, to the best of our knowledge,
no published studies have investigated the risks and benefits associated with tourniquet
reapplication after an intra-operative rest period. This study analyzed differences in
estimated blood volume loss, blood transfusion requirements, medications during and after
surgery, and analgesic usage in the recovery room between patients who underwent TKA
with tourniquet application until cement insertion (during the first 2 years in which we used
this protocol) and patients who underwent TKA with two-stage tourniquet application
(during the final 2 years in which our hospital used this protocol).

2. Materials and Methods

2.1. Patients

This retrospective, single-center cohort study was approved by Hanyang University
Seoul Hospital’s Institutional Review Board (HYUH 2021-08-041-003), which waived the
requirement for written informed consent. The medical records of 506 patients who under-
went elective TKA from January 2017 to December 2020 were assessed for eligibility, and
414 patients were enrolled. Eligible patients underwent unilateral TKA for the first time or
contralateral TKA during one hospitalization. The exclusion criteria were revision opera-
tion, surgery on both legs at one time, and surgery under spinal anesthesia. All patients
included in the study were operated on by a single senior orthopedic surgeon during this
period.

The following two groups were compared according to the duration of tourniquet
application: the first half (FH) course group versus the two-stage (TS) group. In the FH
group, the tourniquet was inflated with a pressure of 300 mmHg after manual banding
before the incision, and was deflated after cement insertion. After cement fixation, bleeding
control, and muscle and skin closure were started. In the TS group, tourniquet inflation
began and deflated at the same stage of the procedure as in the FH group. However, the
tourniquet was deflated for 15 min (if the cement was fixed within 15 min, bleeding control
was started) and then inflated again during muscle and skin closure; the tourniquet was
deflated after skin closure.

2.2. Perioperative Anesthetic Care

After entering the operating room, all patients were monitored for blood pressure,
heart rate, oxygen saturation, and anesthesia depth. Anesthesia induction was performed
with 1–1.5 mg/kg propofol, along with 0.1 μg/kg/min remifentanil and sevoflurane.
Anesthesia was maintained with inhalational anesthetic gas and remifentanil. Mechanical
ventilation was delivered at a tidal volume of 6–8 mL/kg using a mixture of oxygen
and medical air at a flow rate of 2–3 L/min. Arterial blood pressure was monitored
via the right or left radial artery to evaluate the hemoglobin level. A 16 G large-bore
angiocatheter was placed in the external jugular vein to infuse fluid and blood products.
The target perioperative systolic arterial pressure was 80 to 160 mmHg, and, if necessary,
cardiovascular agents, such as calcium channel blockers, beta-blockers, ephedrine, and
phenylephrine, were used. After induction and during muscle closure, hemoglobin levels
were checked via arterial blood analysis. Tranexamic acid was not used. If hemoglobin
was less than 8 g/dL, packed red blood cells (RBCs) were transfused. One unit of packed
RBCs was approximately 320 mL in volume, of which the red blood cell volume was 180 to
200 mL. Hemovac drain was placed under the skin at the end of the surgery.
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2.3. Outcome Variables

The following variables were further evaluated: (1) pre-operative factors (age, sex,
weight, height, and comorbidities); (2) intra-operative factors (perioperative hemoglobin
level, tourniquet time, and use of cardiovascular agents); (3) post-operative factors (post-
operative hemoglobin level, transfusion of packed RBCs, and use of analgesics).

2.4. Statistical Analysis

All statistical analyses were performed using SPSS Statistics for Windows, version 27
(IBM Corp., Armonk, NY, USA). Categorical variables are expressed as numbers and per-
centages. Continuous variables are reported as means ± standard deviations. Normally dis-
tributed data were evaluated with the Shapiro–Wilk test or the Kolmogorov–Smirnov test.

Primary outcomes (hemoglobin and estimated blood loss) were evaluated with the
Mann–Whitney U test or independent t-test.

Demographic data, peri-operative data, and clinical outcomes between the two groups
were analyzed using the chi-square test for categorical variables, and an independent
samples t-test or Mann–Whitney U test for continuous variables. For skewed data, the
Mann–Whitney U test was used. Differences in categorical variables were compared
by the chi-square test or Fisher’s exact test. A two-sided alpha of 0.05 was used for all
statistical tests.

3. Results

A total of 414 cases of unilateral TKA surgery were reviewed. Among the 414 patients,
one patient who underwent spinal anesthesia was excluded. There were 209 patients in the
FH group and 204 patients in the TS group. In each group, we excluded 12 and 7 patients,
respectively, for whom it was impossible to calculate the amount of bleeding, and 9 and
32 patients, respectively, with missing hemoglobin levels because laboratory tests were not
performed in the recovery room immediately after surgery. We also excluded 11 patients
from each group with outlying values of blood volume loss. Finally, data were analyzed
for 331 operations (Figure 1).

There were no significant differences in age, height, or weight between the groups.
There was no significant intergroup difference resulting from the independent samples
t-test analysis. Cardiovascular diseases, such as hypertension, were more prevalent in the
TS group. There were no significant differences between the groups in terms of patients
who stopped taking anticoagulants that could affect the bleeding volume (Table 1). There
was no significant intergroup difference in pre-operative hemoglobin level.

Intra-operative blood loss was calculated using the hemoglobin balance formula [3,18].
The FH group had a mean blood loss of 542.90 mL, and the TS group had a mean bleeding
volume of 514.66 mL (Table 2).

Hbloss total = BV × (Hbi − Hbe) × 0.001+Hbt.
Vloss total = 1000 × Hbloss total/Hbi.

Generally, 1 U banked blood is considered to contain 52 ± 5.4 g Hb.
BV = k1 × H3 + k2 × W + k3.

For males, k1 = 0.3669, k2 = 0.03219, and k3 = 0.6041;
For females, k1 = 0.3561, k2 = 0.03308, and k3 = 0.1833.

Vloss total (mL): the total volume of RBC loss;
Hbloss total (g): the loss volume of Hb;
Hbi (g/L): the Hb value before surgery;
Hbe (g/L): the Hb value after surgery;
Hbt (g): the total volume of blood transfusion.
There was no significant difference between the two groups in the proportions of pa-

tients who used antihypertensive drugs while using tourniquets, or those who used antihy-
pertensive drugs after tourniquet removal (Table 3).
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Figure 1. Flow diagram of patient selection.
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Table 1. Characteristics of patients.

Variables
FH Group TS Group

p-Value
(n = 177) (n = 154)

Patient Characteristics
Age 69.5 ± 8.3 69.9 ± 7.2 0.622

Height (cm) 155.1 ± 6.4 154.9 ± 7.7 0.756
Weight (kg) 62.0 ± 9.7 62.1 ± 9.2 0.899

Disease characteristics
Hypertension 97 103 0.025

Diabetes Mellitus 39 35 0.880
Stroke 6 1 0.084

Chronic kidney disease 6 6 0.806
Angina, myocardial infarction 7 13 0.087

Taking anticoagulants 42 45 0.258

Pre-operative hemoglobin (g/dL) 12.9 ± 1.2 13.0 ± 1.1 0.589

Table 2. Estimated blood loss by hemoglobin balance formula.

Estimated Blood Loss FH Group TS Group

Volume (mL) 542.90 ± 274.77 514.66 ± 228.54
p = 0.314.

Table 3. The number of patients who needed medications.

Medications
FH Group
(n = 177)

TS Group
(n = 154)

p-Value

Type of Drugs
Antihypertensive drug 1 38 26 0.292

Vasopressor 2 28 21 0.577
1 nicardipine, labetalol, and esmolol; 2 phenylephrine and ephedrine.

Intra-operative transfusions were lower in the TS group. There was no statistically sig-
nificant intergroup difference in transfusion volume in the recovery room, or in transfusion
requirement in the ward after the surgery (Table 4). However, although not statistically
significant, the transfusion volume in the ward was generally lower in the TS group than in
the FH group.

Table 4. Transfused blood units during and after the surgery.

Transfused Blood (Number of Patients) FH Group TS Group p-Value

Intra-operatively
0(149) 0(151)

0.0001(26) 1(3)
2(2) 2(0)

In the post-anesthesia care unit 0(174) 0(153)
0.3851(3) 1(1)

In the ward post-operatively
0(153) 0(140)

0.1081(12) 1(11)
2(12) 2(3)

The hemoglobin values were compared intra-operatively and in the post-anesthesia
care unit. The hemoglobin values were similar in both groups (Table 5).
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Table 5. Hemoglobin values during and after the surgery.

Hemoglobin Values (g/dL) FH Group TS Group p-Value

Intra-operatively (initial) 11.8 ± 1.1 11.8 ± 1.0 0.435
Intra-operatively (last) 10.5 ± 1.0 10.4 ± 1.0 0.403

In the post-anesthesia care unit 11.3 ± 1.0 11.2 ± 1.0 0.246

Since the estimated blood loss and hemoglobin values do not differ significantly
between the two groups, an analysis of the intergroup differences was performed on data
for transfused patients and non-transfused patients (Table 6).

Table 6. Hemoglobin values of transfused and non-transfused patients.

Hemoglobin Values (g/dL)
Non-Transfused Group

(n = 300)
Transfused Group

(n = 31)
p-Value

Pre-operative 13.1 ± 1.0 11.7 ± 1.0 0.000
Intra-operatively (initial) 11.9 ± 1.0 10.5 ± 0.8 0.000

Pre-operative hemoglobin and initial intra-operative hemoglobin were significantly
lower in transfused patients. Lower hemoglobin values were related to intra-operative
transfusion.

The total opioid usage was compared in terms of fentanyl dose (Table 7). Pethidine
25 mg was converted to fentanyl 25 μg equivalents. The analgesic demand was relatively
larger in the TS group, but the intergroup difference was not statistically significant.

Table 7. Opioid usage at post-anesthesia care unit.

Opioid Use (μg) FH Group TS Group

Fentanyl
76.2 ± 43.9 84.4 ± 56.1Equivalent

p = 0.147.

There was no significant difference between the ischemic time from the first tourniquet
in the TS group versus the total tourniquet time in the FH group (Table 8).

Table 8. Durations of tourniquet applications.

Time (min)
FH Group
(n = 177)

TS Group
(n = 154)

p-Value

Tourniquet applied
1st 89.0 ± 17.2 89.6 ± 16.6 0.747
2nd - 25.4 ± 8.2

4. Discussion

Intra-operative tourniquet use has been studied extensively. Tourniquets are used in
most operations because it is thought that they help secure the field of view and shorten
operation times accordingly. However, it is known that skin blistering, wound hematoma,
wound oozing, muscle injury, rhabdomyolysis, nerve palsy, postoperative stiffness, deep
vein thrombosis, and pulmonary embolism [6] may be associated with tourniquet use. At
our hospital, we investigated associations between the method of tourniquet use in TKA
operations and blood loss, need for medication, and opioid consumption.

The reason we first introduced this method was that events such as a gradual decrease
in the patient’s blood pressure sometimes occurred at the time of suture. Therefore, we
assumed that if the tourniquet was applied again, the amount of bleeding at the time of
muscle and skin suturing could be reduced, even if only a little.
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In a previous study [16], a significantly reduced bleeding volume was associated with
prolonged tourniquet application. In our study, there was no significant difference in the
amount of intra-operative bleeding between the FH and TS groups, despite a slightly lower
amount of blood loss in the TS group. Significantly, lower levels of intra-operative bleeding
have been associated with tourniquet application compared with when tourniquets are not
used [6]. In previous studies, the mean blood loss volumes when using tourniquets have
varied from 25.6 mL to 350 mL. In our study, the estimated mean blood loss was 542.90 mL
in the FH group, compared with 514.66 mL in the TS group.

Blood loss estimates vary greatly from study to study because of differences be-
tween studies in the formulas used to calculate the amount of bleeding. According to one
study [18], the different mean values obtained ranged from 971 mL to 1699 mL, depending
on which of the four formulas was used to calculate the bleeding volume. In this study, the
amount of bleeding was estimated using the hemoglobin balance formula.

As for transfusion requirements, the proportion of patients who underwent intra-
operative transfusion was statistically significantly higher in the FH group. There was no
statistically significant intergroup difference in post-operative blood transfusion require-
ments in the post-anesthesia care unit or ward, but, on average, they were lower in the
TS group. As can be observed from the results, the pre-operative hemoglobin and initial
intra-operative hemoglobin were significantly lower in transfused patients. The reason that
the proportion of patients who needed transfusion was higher in the FH group might be
related to the incidence of patients who had lower hemoglobin levels. Although additional
research is needed to determine what levels of pre-operative hemoglobin increase the
possibility of transfusion, if the patient’s hemoglobin is not high, preparing packed red
blood cells in advance might be a better option.

In a comparative study of tourniquet application versus non-application, the amount
of bleeding during surgery was small in the tourniquet group, but the amount of bleeding
after surgery showed mixed results [19]. However, if blood transfusions could be reduced,
even during surgery, this might help to reduce the complications associated with blood
transfusions, such as urticaria, anaphylaxis, transfusion-related acute lung injury, and
hypothermia [20].

In this study, the total operation time was around 130 min. In previous studies [19],
the operation time varies greatly from 73 to 163 min.

Prolonged tourniquet use increases the patient’s blood pressure and pulse rate, which,
in turn, causes severe hypotension after turning the tourniquets off. It is known that
the relative mortality risk increases by 3.6% for every minute of hypotension, which is
defined as an SBP of less than 80 mmHg [21]. Despite the fact that about 20 min of
tourniquet time was added, in this study, the need for anti-hypertensive drugs, such as
nicardipine or beta-blockers, to lower the blood pressure during tourniquet use, or the
need for vasopressors, such as ephedrine or phenylephrine, after tourniquet release, were
not significantly different between the two groups. The rest period in the middle is thought
to be helpful for preventing hemodynamic insults that blunt the sympathetic activity [22]
of tourniquet use throughout an entire operation. As this was a retrospective study, the
blood pressure and heart rate at the exact time before and after tourniquet removal were
not recorded. Usually, the anesthetic record is completed every 5 min, so the exact time of
vital signs could not be determined.

In addition, there was no significant intergroup difference in the amount of analgesic
used in the recovery room after surgery, so it is thought that there was no significant
difference in the pain felt by the patients. The relationship between the initial visual analog
scale score and subsequent opioid requirement is depicted by a sigmoid curve [23].

Through this retrospective study, we could not find a significant correlation between
the method of tourniquet use and the amount of bleeding in TKA. However, it is widely
thought that tourniquet use is associated with small volumes of blood transfusion.

There were some limitations to this study.
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First, this study was not a randomized controlled trial. However, there was no
statistically significant difference in age or body mass index between the two patient
groups, and there was no significant difference between the two groups in the number
of patients who used anticoagulants that could affect the amount of bleeding.

Second, since this was a retrospective study, it was not possible to set standards for
the use of vasopressors or transfusions during or after surgery. However, the groups did
not significantly differ in this regard.

A well-designed randomized controlled trial is needed to further investigate the
two-stage application of tourniquets.

5. Conclusions

The two-stage tourniquet technique was not related to reduced total blood loss in total
knee replacement.
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Abstract: Perioperative stress is associated with increased sympathetic activity that leads to increases
in heart rate and blood pressure, which are associated with the development of perioperative my-
ocardial ischemia. In healthy volunteers, it was shown that the administration of supplemental
oxygen attenuated sympathetic nerve activity and subsequently led to lower plasma catecholamine
concentrations. We therefore tested the hypothesis that perioperative supplemental oxygen attenuates
sympathetic nerve in patients at risk for cardiovascular complications undergoing major abdominal
surgery. We randomly assigned 81 patients to receive either 80% or 30% inspired oxygen concentra-
tion throughout surgery and the first two postoperative hours. We assessed noradrenaline, adrenaline,
and dopamine plasma concentrations before the induction of anesthesia, two hours after surgery and
on the third postoperative day. There was no significant difference in postoperative noradrenaline (ef-
fect estimated: −41.5 ng·L−1, 95%CI −134.3, 51.2; p = 0.38), adrenaline (effect estimated: 11.2 ng·L−1,
95%CI −7.6, 30.1; p = 0.24), and dopamine (effect estimated: −1.61 ng·L−1, 95%CI −7.2, 3.9;
p = 0.57) concentrations between both groups. Based on our results, it seems unlikely that sup-
plemental oxygen influences endogenous catecholamine release in the perioperative setting.

Keywords: catecholamines; supplemental oxygen; major abdominal surgery; cardiovascular risk; MINS

1. Introduction

Surgery is associated with an increased stress response that triggers sympathetic
nerve activity, leading to an increased release of endogenous plasma catecholamines [1,2].
This causes a significant increase in heart rate and blood pressure, which has been shown
to be associated with a higher risk of developing myocardial injury after non-cardiac
surgery (MINS) [2–4]. Moreover, in the non-operating setting, elevated endogenous plasma
catecholamine levels are associated with the development and progression of cardiac
related diseases [5,6].

The effect of extended-release metoprolol succinate in patients undergoing non-cardiac
surgery (POISE-1) trial has shown that perioperative sympathetic nerve blockade with
metoprolol significantly decreased the incidence of postoperative myocardial infarction in
patients undergoing noncardiac surgery [3]. The authors suggested that a decrease of heart
rate and blood pressure is associated with a simultaneous decrease in myocardial oxygen
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consumption that consequently resulted in a lower incidence of myocardial perfusion-
related complications [3]. Additionally, higher plasma catecholamine levels stimulate
platelet aggregation, which is another trigger factor for the development of acute coronary
stenosis [2,7,8]. Moreover, another study has shown that hypertension causes endovascular
shear stress that might further be a contributing factor for the development and progression
of myocardial ischemia [2].

Higher oxygen concentrations are still commonly administered during surgery and
recommended by the WHO to reduce the risk of postoperative wound infections [9].
Therefore, it is still of clinical interest if the perioperative administration of supplemental
oxygen also attenuates the effect of sympathetic nerve activity, specifically in patients at
risk for cardiovascular complications undergoing major abdominal surgery.

In this context, we tested the hypothesis that the perioperative administration of
80% oxygen leads to a significant decrease in postoperative sympathetic nerve activity,
which was assessed with consecutive plasma adrenaline, noradrenaline, and dopamine
concentration measurements, as compared to the administration of 30% oxygen in patients
at risk for cardiovascular complications undergoing major abdominal surgery. Moreover, to
evaluate the association between plasma catecholamine concentrations and the incidence of
MINS, we compared the plasma catecholamine concentrations between patients who devel-
oped MINS and patients who did not develop MINS in the first three postoperative days.

2. Materials and Methods

2.1. Study Design and Participants

This is a pre-planned secondary analysis of a single-center, double-blinded, random-
ized clinical trial, which investigated the effect of supplemental oxygen on maximum
postoperative NT-proBNP concentrations in patients at risk for cardiovascular compli-
cations undergoing major abdominal surgery. The trial was conducted at the Medical
University of Vienna [10]. The trial was approved by the local Institutional Review Board
and was registered at ClinicalTrials.gov (NCT 03366857) and at the European Clinical Trial
Database (EudraCT 2017-003714-68). The study protocol was published previously [11]. In
our main trial, we did not observe a significant difference in maximum postoperative NT-
proBNP concentrations between patients receiving 80% and 30% oxygen for the duration
of surgery and the first two postoperative hours [10]. We also did not observe a significant
difference in the incidence of MINS between both groups [10].

We obtained written informed consent from all patients before randomization. We
included 82 consecutive patients for serum catecholamine measurements, who were en-
rolled into the main study and scheduled for major abdominal surgery expected to last
at least 2 h. Eligible patients were over 45 years of age and underwent major abdominal
surgery under general anesthesia. For study inclusion, patients had to meet at least one
of the following criteria: 1. history of coronary disease; 2. history of peripheral arterial
disease; 3. history of stroke; OR 4. any three of the following six criteria (a–f): (a) age over
70 years; (b) undergoing major surgery; (c) history of congestive heart failure; (d) history of
transient ischemic attack; (e) diabetes and currently taking an oral hypoglycemic agent or
insulin; (f) history of hypertension. Patients meeting the following criteria were excluded
from this study: 1. sepsis; 2. preoperative inotropic therapy; 3. oxygen dependent patients;
4. history of severe heart failure (defined as ejection fraction <30%).

2.2. Randomization

We randomized patients using a web-based randomization program (Randomizer,
Medical University of Graz, Graz, Austria, https://www.meduniwien.ac.at/randomizer/
web; last accessed on 5 November 2019). The randomization sequence was generated by
the study statistician using permutated blocks. Each block had a size of six numbers, of
which all investigators were unaware. There was no stratification of randomization.

Shortly before the induction of anesthesia, we randomized patients to receive either
80% or 30% inspired oxygen concentration throughout surgery and for two hours post-
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operatively. After endotracheal intubation, patients in the 80% oxygen group received
an inspired oxygen fraction of 0.8 throughout surgery and 8 L/min oxygen via facemask
with reservoir for the first two postoperative hours. Patients in the 30% oxygen group
received an inspired oxygen fraction of 0.3 throughout surgery and 3 L/min oxygen via
facemask without a reservoir for the first two postoperative hours. If needed, oxygen frac-
tion was increased at the discretion of the attending anesthetist according to a predefined
algorithm [11].

The trial was conducted according to the original protocol [11]. The protocol for
the induction and maintenance of anesthesia was published previously [11]. During
the perioperative period, pain was treated according to our local clinical standard. In
detail, all patients received metamizole or another non-steroid anti-inflammatory drug in
the recovery room. If the visual analogue pain score (VAS) was over 4, we additionally
administered piritramide.

2.3. Measurements

We recorded demographic data, including age, sex, BMI, the American Society of
Anesthesiologists (ASA) physical status, comorbidities, long-term medication, type of
surgery, and preoperative laboratory values. We also recorded routine intraoperative vari-
ables, including the duration of anesthesia and surgery, fluid and anesthesia management,
and hemodynamic parameters and blood gas analysis. We performed blood gas analysis
hourly. Blood pressure and oxygen saturation were recorded intraoperatively and for the
first two postoperative hours. Intraoperative core temperature was measured at the distal
esophagus. We also recorded the amount of piritramide and fluids administered during
the first three postoperative days on the ward.

Blinded research personnel drew all study specific pre- and postoperative blood
samples. In all patients, noradrenaline, adrenaline, and dopamine plasma concentrations
were assessed shortly before the induction of anesthesia, within two hours after the end of
surgery and on the third postoperative day. Troponin T concentrations for MINS diagnosis
were measured shortly before the induction of anesthesia, within two hours after the end
of surgery, on the first, and on the third postoperative day.

All laboratory measurements were performed by the department for laboratory
medicine at the Medical University of Vienna.

2.4. Data Management

Blinded research personnel obtained all postoperative data. All data were recorded
and stored in the data management system ‘Clincase’, v2.7.0.12 hosted by IT Systems &
Communications, Medical University of Vienna, Vienna, Austria.

2.5. Statistical Analysis

We performed intention-to-treat analysis according to the allocated randomization. Statis-
tical analyses were performed with SPSS (Version 26, IBM SPSS Statistic, Armonk, NY, USA).
The continuous variables were summarized using mean, standard deviation (SD), median,
quartiles (25th percentile; 75th percentile), as well as minimum and maximum values.
Descriptive statistics are given for randomized groups separately. Categorical variables
were summarized using absolute and percent values.

2.6. Plasma Catecholamines

For each plasma catecholamine, we performed a repeated-measure mixed linear
model to calculate the estimates and confidence intervals for the effect of 80% versus
30% oxygen concentration on postoperative noradrenaline, adrenaline, and dopamine
plasma concentrations. Oxygen concentrations were defined as fixed effects. Furthermore,
values per time point were compared between groups using two-tailed Mann-Whitney
U tests.
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2.7. Post-Hoc Analysis

To evaluate, if patients with MINS had higher stress levels represented by significantly
increased plasma catecholamines concentrations, we further stratified our patients into
patients with MINS and no-MINS. Therefore, we evaluated differences in maximum plasma
catecholamine concentrations between MINS and no-MINS using a Mann-Whitney U test.
Maximum plasma catecholamine concentrations were used to reflect the impact of MINS
on the stress response. MINS was defined as an elevated postoperative high-sensitivity
Troponin T concentration of 20–65 ng/L with an absolute change of at least 5 ng/L from the
preoperative value or a concentration exceeding 65 ng/L regardless of the baseline value,
in the absence of nonischemic causes (sepsis, atrial fibrillation, pulmonary embolism) [12].

2.8. Sample Size

This is a secondary analysis of a randomized controlled clinical trial [10]. The esti-
mated number of patients required for this secondary analysis was based on a previous
study that evaluated the effect of surgery on postoperative plasma catecholamine con-
centrations [1]. The study showed that postoperative plasma noradrenaline increased on
the second postoperative day to 676 ng·L−1 (±210 ng·L−1) as compared to preoperative
baseline values [1]. We assumed a similar postoperative increase in our 30% oxygen group
and anticipated a clinically meaningful lower increase of 20% in our 80% oxygen group.
Thus, we calculated that at least 39 patients per group are necessary to have 80% power to
detect a significant difference at an alpha of 0.05. To compensate for potential dropouts, we
included 41 patients per group.

3. Results

We enrolled 82 consecutive patients, who were enrolled in the main trial, undergoing
major abdominal surgery at risk for cardiovascular complications from December 2017
to July 2018. One patient in the 30% oxygen group was excluded after randomization
because surgery was postponed. Overall, 41 patients were randomly assigned to receive
80% inspired oxygen concentration and 40 patients to receive 30% inspired oxygen concen-
tration throughout surgery and for two hours postoperatively (Figure 1).

The patient characteristics, ASA physical status, comorbidities, long-term medication,
type of surgery, and baseline laboratory parameters were similar between both groups
(Table 1). Similarly, intraoperative and postoperative variables, such as duration of anesthe-
sia and surgery, fluid management, anesthesia management, hemodynamic parameters,
and arterial blood gas analysis, were balanced between both groups. The number of pa-
tients requiring intraoperative vasopressors, as well as the overall amount of vasopressors
administered were similar between both study groups (Table 2). Postoperative heart rate
did not differ between the groups. Postoperative mean arterial pressure was significantly
higher in the 30% oxygen group. There was also no significant difference in fluid and
opioid administration within the first three postoperative days (Table 2).

3.1. Plasma Catecholamine Concentrations

The administration of supplemental oxygen did not result in a significant difference in
the postoperative plasma noradrenaline (effect estimated: −41.5 ng·L−1, 95% CI −134.3,
51.2; p = 0.38), adrenaline (effect estimated: 11.2 ng·L−1, 95% CI −7.6, 30.1; p = 0.24),
and dopamine (effect estimated: −1.61 ng·L−1, 95% CI −7.2, 3.9; p = 0.57) concentrations
(Figure 2a–c) between the 80% and 30% oxygen groups within the first three postopera-
tive days. Plasma catecholamine concentrations measured at each time point are shown
in Table 3.
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Figure 1. Patient Flow Diagram; Design and Form in Accordance with the 2010 CONSORT
Guidelines [13].

Table 1. Summary characteristics are presented as counts, percentages of patients, and median
(25th quartile; 75th quartile). BMI, body mass index; ASA, American Society of Anesthesiologists
physical status; ACI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker;
CRP, C-reactive protein; NT-proBNP, N-terminal brain natriuretic peptide.

Patient Characteristics

80% Oxygen
(n = 41)

30% Oxygen
(n = 40)

Age, years 75 (70; 78) 73 (69; 77)
Height, cm 170 (167; 175) 174 (168; 179)
Weight, kg 80 (72; 88) 84 (77; 92)

BMI, kg·m−2 26.8 (24.1; 29.8) 27.6 (25.2; 29.9)
Sex, n (%)
Women 15 (36.7) 9 (22.5)

Men 26 (63.3) 31 (77.5)
ASA physical status, n (%)

II 13 (36.6) 16 (40)
III 28 (63.4) 24 (60)

Comorbidities, n (%)
Hypertension 39 (95.1) 36 (90.0)

Coronary artery disease 9 (21.9) 8 (20.0)
Peripheral artery disease 6 (14.6) 5 (12.5)

59



J. Clin. Med. 2022, 11, 1767

Table 1. Cont.

Patient Characteristics

80% Oxygen
(n = 41)

30% Oxygen
(n = 40)

Stroke 5 (12.2) 4 (10.0)
Congestive heart failure 3 (7.3) 3 (7.5)
Transient ischemic attack 1 (2.4) 6 (15.0)

Insulin use 13 (31.7) 12 (30.0)
Long-term medication, n (%)

Beta blockers 17 (41.5) 16 (40.0)
ACI/ARB 24 (58.5) 21 (52.5)
Diuretics 12 (29.3) 6 (15.0)

Statins 20 (48.8) 18 (45.0)
Acetylsalicylic acid 2 (4.9) 3 (7.5)
Oral anticoagulant 18 (43.9) 15 (37.5)

Alpha 2 agonist 1 (2.4) 2 (5.0)
Type of Surgery, (%)

Hepatobiliary 8 (19.5) 7 (17.5)
Colorectal 9 (22.0) 8 (20.0)
Pancreatic 6 (14.6) 3 (7.5)
Urological 12 (29.3) 19 (47.5)

Other 6 (14.6) 3 (7.5)
Laboratory parameters

CRP, mg·dL−1 0.33 (0.19; 1.43) 0.26 (0.12; 0.58)
Creatinine, mg·dL−1 0.9 (0.8; 1.0) 0.9 (0.8; 1.1)
Leukocytes, G·L−1 6.61 (5.42; 8.60) 6.58 (5.03; 8.07)

NT-proBNP, pg·mL−1 280 (97; 533) 128 (69; 391)
Troponin T, ng·L−1 14 (11; 22) 15 (9; 22)

Table 2. Summary characteristics of perioperative variables are presented as medians (25th quartile;
75th quartile). All p-values are for two-tailed Mann-Whitney U tests or chi-square tests according
to the distribution of data. etSevo, end-tidal Sevoflurane concentration; FiO2, fraction of inspired
oxygen; etCO2, end-tidal carbon dioxide concentration; HR, heart rate; MAP mean arterial pressure;
SV, stroke volume; CO, cardiac output; CVP, central venous pressure; pO2, oxygen partial pressure;
pCO2, carbon dioxide partial pressure; SpO2, peripheral oxygen saturation; BE, base excess; Hb,
hemoglobin; VAS, visual analog scale.

Perioperative Variables

80% Oxygen
(n = 41)

30% Oxygen
(n = 40)

p-Value

Intraoperative
Duration of anesthesia, min 264 (191; 403) 215 (177; 287) 0.06

Duration of surgery, min 207 (134; 329) 152 (129; 233) 0.17
Fluid management
Crystalloid, mL 2237 (1262; 3538) 1936 (1396; 2696) 0.41
Blood loss, mL 200 (0; 500) 200 (0; 500) 0.78

Urine output, mL 245 (150; 400) 225 (285; 400) 0.83
Anesthesia management

Fentanyl, mcg 1100 (863; 1488) 1050 (800; 1500) 0.60
Propofol, mg 145 (70; 160) 150 (100; 200) 0.15

Phenylephrine, mg 0.25 (0.10; 0.58) 0.20 (0.08; 0.52) 0.56
Noradrenaline, mg 0.0 (0.0; 1.0) 0.0 (0.0; 0.3) 0.10

etSevo, % 1.3 (1.0; 1.5) 1.2 (0.7; 1.4) 0.18
FiO2, % 81 (80; 81) 32 (31; 68)

etCO2, mmHg 35 (34; 36) 34 (32; 36) 0.18
Core temp, ◦C 36.2 (35.9; 36.8) 36.4 (36.2; 36.9) 0.55
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Table 2. Cont.

Perioperative Variables

80% Oxygen
(n = 41)

30% Oxygen
(n = 40)

p-Value

Hemodynamic Parameters
HR, beats·min−1 62 (58; 69) 73 (62; 84) 0.59

MAP, mmHg 79 (74; 90) 91 (85; 95) 0.42
SV, mL 77 (55; 81) 52 (30; 67) 0.22

CO, L·min−1 4.7 (3.7; 5.4) 3.3 (1.9; 4.5) 0.12
CVP, mmHg 12 (8; 15) 11 (8; 20) 0.69

Arterial Blood Gas Analysis
pO2, mmHg 158 (112; 195) 91 (75; 155) <0.05

pCO2, mmHg 43 (39; 52) 49 (46; 60) 0.50
SpO2, % 100 (99; 100) 98 (97; 99) <0.001

pH 7.34 (7.28; 7.38) 7.31 (7.25; 7.34) 0.33
BE −1.9 (−4.6; −0.7) −1.2 (−3.3; −0.1) 0.25

Hb, g·dL−1 11.8 (10.4; 12.5) 13.4 (11.1; 13.9) 0.31
Lactate, mmol·L−1 0.8 (0.6; 1.0) 1.6 (0.9; 2.3) 0.53
Glucose, mg·dL−1 163 (150; 184) 155 (123; 175) 0.31
2 h postoperative

Hemodynamic Parameters
HR, beats·min−1 75 (60; 88) 82 (64; 90) 0.41

MAP, mmHg 86 (75; 103) 109 (98; 122) <0.001
SpO2, % 99 (97; 99) 98 (97; 99) 0.11

VAS 2 (0; 4) 2 (0; 4) 0.88
PONV

Dexamethasone, n (%) 29 (70.7) 35 (87.5) 0.10
PONV, n (%) 4 (9.8) 5 (12.5) 0.74

Ondansetron, n (%) 10 (24.4) 12 (30.0) 0.62
Amount per capita, mg 4 (4; 5) 4 (4; 5) 0.84

Droperidol, n (%) 2 (4.9) 3 (7.5) 0.68
Amount per capita, mg 1.25 (1.25; 1.25) 1.25 (1.25; 1.25) 1.00

72 h postoperative
Fluid, mL (a) 10,400 (7417; 12,525) 9471 (7013; 11,526) 0.58

Piritramide, mg (b) 12.0 (4.5; 22.0) 8.3 (3.0; 21.8) 0.65
(a) overall amount of fluid administered during the first 72 h after surgery. (b) overall amount of piritramide
administered during the first 72 h after surgery.

(a) 

Figure 2. Cont.
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(b) 

(c) 

Figure 2. Plots showing the perioperative course of plasma noradrenaline (a), adrenaline (b), and
dopamine (c) concentrations between patients who received 80% oxygen (blue) and patients who
received 30% oxygen (red). Each circle represents one patient at each timepoint.

Table 3. Plasma catecholamine concentrations at each timepoint are presented as median
(25th quartile; 75th quartile). All p-values are for two-tailed Mann-Whitney U tests.

Plasma Catecholamine Concentrations

80% Oxygen
(n = 41)

30% Oxygen
(n = 40)

p-Value

Noradrenaline,
ng·L−1

Baseline 247 (147; 443) 259 (170; 369) 0.20
2 h postoperative 757 (447; 1240) 494 (318; 864) 0.13

Postoperative day 3 560 (384; 827) 493 (313; 730) 0.89
Adrenaline, ng·L−1

Baseline 27 (16; 43) 25 (14; 69) 0.59
2 h postoperative 187 (70; 539) 193 (74; 444) 0.86

Postoperative day 3 36 (18; 49) 43 (23; 75) 0.17
Dopamine, ng·L−1

Baseline 0 (0; 19) 0 (0; 15) 0.66
2 h postoperative 34 (19; 52) 19 (0; 35) 0.10

Postoperative day 3 23 (0; 37) 0 (0; 85) 0.92
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3.2. Post-Hoc Analysis

A total of 26 (32.1%) of our patients developed MINS within three days after surgery.
There was no significant difference in maximum postoperative concentrations of nora-
drenaline (p = 0.48), adrenaline (p = 0.72), and dopamine (p = 0.94) between patients with
MINS and patients without MINS (Table 4).

Table 4. Plasma noradrenaline, adrenaline, and dopamine concentrations between patients with
MINS and patients with no MINS are presented as median (25th quartile; 75th quartile). All p-values
are for two-tailed Mann-Whitney U tests.

Post-Hoc Analysis

MINS
(n = 26)

No MINS
(n = 55)

p-Value

Noradrenaline, ng·L−1

Baseline 233 (121; 415) 259 (166; 380)
2 h postoperative 672 (365; 990) 501 (349; 927)

Postoperative day 3 505 (400; 809) 531 (311; 795)
Maximum 782 (508; 1040) 855 (597; 1164) 0.48

Adrenaline, ng·L−1

Baseline 31 (16; 48) 21 (15; 56)
2 h postoperative 164 (83; 585) 193 (67; 442)

Postoperative day 3 38 (18; 87) 40 (22; 66)
Maximum 171 (113; 571) 211 (75; 438) 0.72

Dopamine, ng·L−1

Baseline 0 (0; 19) 0 (0; 0)
2 h postoperative 31 (0; 61) 23 (15; 36)

Postoperative day 3 16 (0; 53) 22 (0; 67)
Maximum 39 (11; 68) 36 (17; 71) 0.94

4. Discussion

The perioperative administration of 80% versus 30% inspired oxygen concentration
showed no significant effect on postoperative plasma noradrenaline, adrenaline, and
dopamine concentrations in patients at risk for cardiovascular complications undergoing
major abdominal surgery. Additionally, we also found no significant difference in postoper-
ative noradrenaline, adrenaline, and dopamine plasma concentrations between patients
with and without MINS.

Evidence exists in the non-surgical setting that supplemental oxygen significantly
decreased the release of plasma catecholamine concentrations [14]. Specifically, in patients
with chronic heart failure, the long-term administration of two liters of oxygen significantly
attenuated sympathetic nerve activity, which resulted in lower serum noradrenaline and
adrenaline concentrations as compared to breathing air [14]. Supplemental oxygen was also
associated with significantly decreased brain natriuretic peptide concentrations [15]. The
authors concluded that oxygen administration reduced sympathetic nerve activity that fi-
nally attenuated the myocardial strain in these patients [15]. In contrast, we did not observe
any effect in plasma catecholamine concentrations between both study groups. An explana-
tion therefore might be that we investigated patients having major abdominal surgery and
administered supplemental oxygen only throughout the immediate perioperative period.
Thus, it might be possible that the intraoperative administration of supplemental oxygen
leads to distinct physiological effects as compared to the nonsurgical setting.

A recent review has shown that the administration of supplemental oxygen has signif-
icant hemodynamic effects in healthy volunteers, septic patients, and patients undergoing
cardiac surgery [16]. Specifically, it has been shown that supplemental oxygen significantly
decreases heart rate, stroke volume, and cardiac output [16]. In contrast, we did not find any
significant differences in intraoperative hemodynamic parameters between both groups.
This is consistent with the results of a previous trial and of our main trial, in which no
significant differences in intraoperative hemodynamic parameters were observed [10,17].
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An explanation therefore might be that all of our patients received general anesthesia. It is
well known that anesthetics and opioids blunt sympathetic nerve activity, and therefore
hemodynamic effects of oxygen might play a minor role in the surgical setting.

Over 90% of our patients had a history of clinically relevant hypertension requiring
medical treatment. Interestingly, it has been shown that patients with a history of hyper-
tension have significantly higher plasma catecholamine concentrations as compared to
normotensive patients [18]. Furthermore, approximately 40% of our patients also took
β-blockers therapy. Since they inhibit the effect of endogenous catecholamines on receptors
and not their release, there should be no influence on stress markers [3]. Moreover, the
number of patients with pre-existing hypertension and patients taking β-blockers was
similar between both study groups. Therefore, it seems unlikely that hypertension and
β-blocker therapy influenced postoperative plasma catecholamine concentrations and,
consequently, our results.

Pain and hypothermia, which are common in the perioperative period, are further
trigger factors for stress and exacerbated catecholamine release [19–21]. Therefore, we
actively warmed our patients during surgery. There was no difference in perioperative
amounts of opioids administration between both groups.

It has previously been shown that perioperative elevated plasma catecholamine con-
centrations resulting from high blood pressure, relative insulin deficiency, surgical trauma,
and hypothermia are trigger factors for myocardial ischemia [20]. In this context, it has been
shown that patients undergoing major non-cardiac surgery, who had increased postopera-
tive Troponin T levels, also had significantly higher plasma noradrenaline and adrenaline
concentrations [1]. Thus, in a post-hoc analysis, we also evaluated if patients with MINS
had higher plasma catecholamine concentrations as compared to those without MINS.
We did not observe significantly higher plasma catecholamine concentrations in patients
with MINS as compared to patients without MINS. Nevertheless, this was a post-hoc
analysis and we did not power this study to detect a significant difference in maximum
catecholamine concentrations between patients with and without MINS, and it should
therefore be investigated in future trials.

Potentially adverse effects of supplemental oxygen have been described after the
long-term administration of supplemental oxygen [22]. A trial in 1386 patients showed
no significant difference in postoperative complications between patients receiving 80%
and 30% oxygen during general anesthesia [23]. Furthermore, the most recent trial in
5000 patients also did not show a significant difference in the incidence of postoperative
complications [24]. This is consistent with the results of our main trial [10].

This study has some limitations. Firstly, we did not measure plasma catecholamine
concentrations on the first and second postoperative day. Therefore, it might be possible
that we have missed the maximum rise in postoperative plasma catecholamine concentra-
tions. However, it has been shown that plasma catecholamine measurements on the third
postoperative day accurately represent the maximal stress response in cardiac-risk patients
undergoing noncardiac surgery [1].

Some of our patients required a continuous infusion of noradrenaline to maintain mean
arterial pressure (MAP) over 65 mmHg during surgery. There was no difference between
the number of patients requiring noradrenaline administration and the total amount of
noradrenaline administered between both groups. Furthermore, since the plasma half-life of
noradrenaline is only 2.5 min and none of our patients received a continuous noradrenaline
infusion in the postoperative study period, we thus did not expect a significant influence
on our results.

In summary, this secondary analysis did not show a significant effect of perioperative
supplemental oxygen on postoperative plasma catecholamine concentrations in patients
at risk for cardiovascular complications undergoing major abdominal surgery. Our study
period was limited to the immediate perioperative period. As we observed a significant
increase in plasma catecholamine concentrations within the third postoperative day, further
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studies should focus on postoperative treatment options in order to attenuate sympathetic
nerve activity.
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Abstract: Noncardiac surgery is associated with hemodynamic perturbations, fluid shifts and hypoxic
events, causing stress responses. Copeptin is used to assess endogenous stress and predict myocardial
injury. Myocardial injury is common after noncardiac surgery, and is often caused by myocardial
oxygen demand-and-supply mismatch. In this secondary analysis, we included 173 patients at risk
for cardiovascular complications undergoing moderate- to high-risk major abdominal surgery. Pa-
tients were randomly assigned to receive 80% or 30% oxygen throughout surgery and the first two
postoperative hours. We evaluated the effect of supplemental oxygen on postoperative Copeptin con-
centrations. Copeptin concentrations were measured preoperatively, within two hours after surgery,
on the first and third postoperative days. In total, 85 patients received 0.8 FiO2, and 88 patients
received 0.3 FiO2. There was no significant difference in postoperative Copeptin concentrations
between both study groups (p = 0.446). Copeptin increased significantly within two hours after
surgery, compared with baseline in the overall study population (estimated effect: −241.7 pmol·L−1;
95% CI −264.4, −219.1; p < 0.001). Supplemental oxygen did not significantly attenuate postopera-
tive Copeptin release. Copeptin concentrations showed a more immediate postoperative increase
compared with previously established biomarkers. Nevertheless, Copeptin concentrations did not
surpass Troponin T in early determination of patients at risk for developing myocardial injury after
noncardiac surgery.

Keywords: supplemental oxygen; perioperative stress; Copeptin; MINS; major abdominal surgery;
cardiovascular risk

1. Introduction

During recent years, the prevalence of cardiovascular risk factors and comorbidities
in patients undergoing noncardiac surgery has significantly increased [1]. As a conse-
quence, the incidence of postoperative major cardiovascular complications has risen to
approximately 8% among this patient population [2,3].

Surgery and anesthesia are associated with trauma, hemodynamic perturbations,
fluid shifts, stress and hypoxic events [4,5]. These are trigger factors for endogenous
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stress, reflected by increased catecholamine and cortisol release, and myocardial injury [6].
Elevated stress levels are associated with increased sympathetic nerve activity leading to
tachycardia and hypertension [7]. This might lead to an imbalance in myocardial oxygen
supply and demand, and finally result in myocardial injury [7–9]. It is very well known
that perioperative hypoxic events caused by hypovolemia, hypotension, tachycardia and
hypoxemia significantly increase the risk for myocardial injury after noncardiac surgery
(MINS) [9,10]. A previous study has shown that preoperative Copeptin concentrations
might be able to predict myocardial injury in the immediate perioperative period [11].

Copeptin is a relatively novel biomarker and reflects plasma concentrations of arginine-
vasopressin (AVP) [12]. AVP is an antidiuretic hormone released from the hypothalamus
in response to changes in plasma osmolality and blood pressure, and its main function
is homeostasis of fluid balance, vascular tonus and regulation of the endocrine stress re-
sponse [13]. In detail, an increase in blood osmolality and hypovolemia leads to increased
plasma AVP and Copeptin concentrations [14]. In contrast to AVP, plasma concentrations of
Copeptin are very stable and simple to measure, and are therefore used to indirectly assess
plasma AVP concentration [13]. Copeptin concentrations significantly correlate with physio-
logic as well as pathophysiologic endogenous stress, such as that caused by surgery [13,15].
In detail, Copeptin concentrations are significantly increased in patients who have suffered
from myocardial infarction, heart failure, shock, stroke and traumatic brain injury [16–19].
Elevated concentrations are explained by exacerbated endogenous stress associated with
cardiovascular complications [11]. Furthermore, preoperative elevated Copeptin values
are strong predictors for MINS [11]. Copeptin concentrations accurately reflect myocardial
strain and injury as well as endogenous stress, and could therefore be of high value in
properly reflecting perioperative stress.

In our main trial, we investigated the effect of 80% versus 30% perioperative oxygen
administration on postoperative maximum NT-proBNP concentrations and MINS [20].
We observed no significant difference between both study groups [21]. Because there is
limited data in regard to perioperative Copeptin concentrations, specifically on the subject
of supplemental oxygen, we evaluated in this secondary analysis if supplemental oxygen
influences perioperative Copeptin concentrations. Thus, we evaluated the hypothesis if
perioperative administration of 80% oxygen leads to a significant decrease in postoperative
Copeptin concentrations as compared to perioperative administration of 30% oxygen in
patients at risk for cardiovascular complications undergoing moderate- to high-risk major
abdominal surgery. Furthermore, we evaluated the effect of surgery per se as well as MINS
on perioperative Copeptin concentrations in the overall study population. In a post-hoc
analysis, we evaluated the predictive values of Copeptin concentrations in the perioperative
time course for the development of MINS.

2. Materials and Methods

2.1. Study Design

This is a pre-planned secondary analysis of a prospective, randomised, double-blinded,
single-centre clinical trial conducted at the Medical University of Vienna, which primarily
investigated the effect of 80% versus 30% inspired oxygen concentration on postoperative
maximum NT-proBNP concentrations [21]. This study was approved by the University’s
Ethics Committee (Ethikkomission Medizinische Universität Wien; Borschkegasse 8b/6,
1090, Vienna, Austria; EK-Number 1744/2017; Chairperson Prof. Martin Brunner) on
13 November 2017. Written informed consent was obtained from all patients participat-
ing in the study. The trial was registered prior to patient enrolment at ClinicalTrials.gov
(NCT03366857, Principal Investigator: Edith Fleischmann, Date of registration: 2 December
2017) and the European Trial Database (EudraCT 2017-003714-68), and was conducted ac-
cording to the Declaration of Helsinki and Good Clinical Practice. This manuscript adheres
to the applicable CONSORT guidelines. The study protocol was published previously [20].
The additional measurement of Copeptin concentrations for this secondary analysis was
amended on 19 July 2018 after 87 patients had already been included. Patients of at least
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45 years of age and undergoing major abdominal surgery for ≥2 h were eligible for the
trial. Detailed inclusion and exclusion criteria were published previously [20].

2.2. Randomisation

For patient randomisation of the main study, a web-based randomisation programme
(Randomizer, Medical University of Graz, Graz, Austria, https://www.meduniwien.ac.at/
randomizer/web) (last accessed on 5 November 2019) was used. Randomisation sequence
was generated by the study statistician using permutated blocks with a size of six numbers.
We did not use stratification of randomisation.

Patients were randomised to receive either 80% or 30% inspired oxygen concentration
throughout surgery, and for the first two postoperative hours. We randomised patients
shortly before induction of anesthesia. The trial was conducted in accordance with the
original protocol [20]. Protocol for induction and maintenance of anesthesia was published
previously [20]. Intraoperative fluid management in all patients was performed in an
esophageal-Doppler-guided manner according to a previously published algorithm [22,23].
As per study protocol, all patients received a 2 mL·kg−1·BW−1 baseline infusion of balanced
crystalloids. A bolus of 250 mL balanced crystalloids was administered when stroke volume
decreased by ≥20% from baseline. In case of acute bleeding or systemic inflammatory
response during surgery, volume was administered according to fluid requirements to
maintain hemodynamic stability. Blood and blood products were administered as per
clinical judgement [20]. Copeptin concentrations were measured preoperatively, within
two hours after surgery, and on the first and third postoperative day. All data were recorded
and stored in the data management system ‘Clincase’, v2.7.0.12 hosted by IT Systems &
Communications, Medical University of Vienna, Vienna, Austria.

2.3. Statistical Analysis

We performed an intention-to-treat analysis according to allocated randomisation.
Continuous variables were summarised using mean, standard deviation (SD), median,
quartiles [25th percentile; 75th percentile] as well as minimum and maximum values.
Descriptive statistics are given for randomised groups separately. Categorical variables
were summarised using absolute and percent values. Continuous intraoperative values
were compared between groups using Mann–Whitney U tests. To investigate a difference
in the time course of Copeptin concentrations between the two study groups, first a
linear regression model for Copeptin accounting for time, study group and the interaction
between time and group as fixed factors as well as accounting for subject ID as random
factor was performed. Univariable linear regression models (with random factor subject)
were performed for the possible influence factors of time (without interaction term time),
type of surgery (open or laparoscopic), age, BMI, sex, ASA physical status, history of
coronary artery disease, peripheral artery disease, stroke, heart failure, diabetes, and
hypertension. All factors significant (with a p < 0.05) in the simple models were then
included in a multivariable regression model (with random factor patient). All analyses
were performed using R version 3.3.3 and SAS version 9.4 (SAS Institute, Cary, NC, USA).

2.4. Post-Hoc Analysis

We compared the perioperative time-course of Copeptin concentrations between
patients who developed MINS and patients who did not develop MINS. We measured
Troponin T concentrations in all patients preoperatively, within 2 h after surgery, on the
first and third postoperative days. MINS was defined as a postoperative Troponin T con-
centration of 20–65 ng·L−1 with an absolute change of at least 5 ng·L−1 or a postoperative
Troponin T concentration > 65 ng·L−1. Patients in whom Troponin T concentration was ad-
judicated for nonischemic etiology (e.g., sepsis, pulmonary embolism) were not considered
as having MINS [24]. We performed a Mann–Whitney U test to compare Copeptin values
at each time point. We further performed a receiver-operating characteristics (ROC) curve
to evaluate the predictive value of Copeptin and Troponin T concentrations at baseline and
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within two hours after surgery on the occurrence of postoperative MINS. Furthermore, we
performed a ROC curve to investigate the predictive value of Copeptin concentrations in
the perioperative period on the occurrence of a composite of postoperative cardiovascu-
lar complications, including cardiac failure, myocardial infarction, new onset of cardiac
arrhythmias and death.

2.5. Sample Size Considerations

Out of the 260 patients planned for the primary aim of the main study, we included
173 patients in our secondary analysis.

We re-estimated the sample size for this secondary analysis based on previous data
on Copeptin to get an evaluation of the available sample size. Previous data showed
that postoperative Copeptin concentrations in patients undergoing vascular surgery and
developing myocardial injury increased up to 100 ± 80 pmol·L−1 compared with Copeptin
concentrations of 65 ± 80 pmol·L−1 in patients without myocardial injury [25]. Therefore,
we assumed a difference of 35% in postoperative Copeptin concentrations as clinically
meaningful. Using a two-sided t-test, we calculated that at least 82 patients per group are
needed to detect a significant difference between both study groups at a significance level
of 0.05 with 80% power. Thus, the given sample size of 173 (85 vs. 88) may be adequate to
detect the assumed clinically relevant effect.

3. Results

A total of 173 consecutive patients, who were enrolled in the main trial from August
2018 to May 2019, were included in this secondary analysis. Eighty-five patients received
80% inspired oxygen and eighty-eight patients received 30% inspired oxygen throughout
surgery and for the first two postoperative hours (Figure 1).

Figure 1. Patient Flow Diagram; Design and Form in Accordance with the 2010 CONSORT Guide-
lines [26].

Baseline characteristics, including age, weight, ASA physical status, cardiovascular
comorbidities, long-term medications and baseline laboratory parameters, were balanced
between the two study groups (Table 1). The duration of anesthesia and surgery, anaesthet-

70



J. Clin. Med. 2022, 11, 2085

ics, fluid, and vasopressors administered, hemodynamic parameters, and arterial blood gas
analyses were balanced between both study groups (Table 2).

Table 1. Patient Characteristics.

80% Oxygen
(n = 85)

30% Oxygen
(n = 88)

Age, years 73 (70; 78) 74 (70; 79)
Height, cm 172 (165; 176) 172 (167; 178)
Weight, kg 80 (67; 93) 75 (67; 90)
BMI, kg·m−2 26.6 (23.8; 30.7) 24.9 (23.2; 27.7)

Sex, n (%)
Women 31 (36.5) 28 (31.8)
Men 54 (63.5) 60 (68.2)

ASA physical status, n (%)
II 16 (18.8) 30 (34.1)
III 67 (78.8) 58 (65.9)
IV 2 (2.4) 0 (0)

Comorbidities, n (%)
Hypertension 79 (92.9) 82 (93.2)
Coronary artery disease 24 (28.2) 23 (26.1)
Peripheral artery disease 13 (15.3) 15 (17.0)
Stroke 7 (8.2) 5 (5.7)
Congestive heart failure 5 (5.9) 6 (6.8)
Transient ischemic attack 2 (2.4) 2 (2.3)
Diabetes 26 (30.6) 19 (21.6)
Insulin use 7 (8.2) 2 (2.3)

Long-term medication, n (%)
Beta blockers 44 (51.8) 47 (53.4)
ACI/ARB 45 (52.9) 50 (56.8)
Diuretics 31 (36.5) 26 (29.5)
Statins 33 (38.8) 38 (43.2)
Acetylsalicylic acid 24 (28.2) 30 (34.1)
Oral anticoagulant 31 (36.5) 21 (23.9)
Alpha 2 agonist 3 (3.5) 3 (3.4)

Type of Surgery, (%)
Hepatobiliary 6 (7.1) 6 (6.8)
Colorectal 18 (21.2) 18 (20.5)
Pancreatic 11 (12.9) 14 (15.9)
Urological 37 (42.1) 34 (40.0)
Gynaecological 6 (7.1) 3 (3.4)
Other 10 (11.8) 10 (11.6)

Open vs. Laparoscopic Surgery, (%)
Open 51 (60.0) 53 (60.2)
Laparoscopic 30 (35.3) 30 (34.1)
Both 1 4 (4.7) 5 (5.7)

Laboratory parameters
CRP, mg·dL−1 0.33 (0.10; 0.82) 0.27 (0.10; 0.91)
Creatinine, mg·dL−1 0.9 (0.7; 1.1) 0.9 (0.8; 1.1)
Hemoglobin, g·dL−1 12.2 (10.7; 13.2) 12.6 (10.8; 13.9)
Leukocytes, G·L−1 5.96 (5.03; 7.72) 5.73 (4.85; 7.76)
NT-proBNP, pg·ml−1 205 (88; 486) 218 (102; 796)
Troponin T, ng·L−1 13 (8; 19) 13 (9; 21)

Summary characteristics are presented as counts, percentages of patients, and median [25th quartile; 75th quartile].
BMI, body mass index; ASA, American Society of Anaesthesiologists physical status; ACI, angiotensin-converting
enzyme inhibitor; ARB, angiotensin receptor blocker; CRP, C-reactive protein; NT-proBNP, N-terminal brain
natriuretic peptide. 1 Defined as conversion from laparoscopic to open procedure.
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Table 2. Perioperative variables.

80% Oxygen
(n = 85)

30% Oxygen
(n = 88)

p-Value

Intraoperative

Duration of anesthesia, min 272 (186; 355) 259 (205; 352) 0.622
Duration of surgery, min 221 (141; 307) 200 (142; 292) 0.711

Fluid management
Crystalloid, mL 2160 (1508; 3386) 2578 (1683; 3339) 0.304
Blood loss, mL 300 (0; 600) 275 (0; 725) 0.610
Urine output, mL 300 (150; 475) 300 (200; 500) 0.417

Anesthesia management
Fentanyl, mcg 1013 (800; 1463) 1100 (838; 1513) 0.459
Propofol, mg 120 (93; 150) 125 (50; 200) 0.536
Phenylephrine, mg 0.28 (0.09; 0.46) 0.21 (0.08; 0.42) 0.717
Noradrenaline, mg 0.25 (0.00; 0.60) 0.20 (0.00; 0.08) 0.491
etSevo, % 1.3 (1.0; 1.3) 1.2 (1.0; 1.3) 0.556
FiO2, % 80 (80; 80) 31 (30; 32)
etCO2, mmHg 34 (32; 36) 34 (31; 35) 0.531
Core temp, ◦C 36.5 (36.1; 36.8) 36.5 (36.2; 36.9) 0.210

Hemodynamic Parameters
HR, beats·min−1 70 (58; 86) 65 (56; 73) 0.845
MAP, mmHg 80 (76; 84) 81 (76; 88) 0.549
SV, mL 71 (63; 84) 66 (57; 83) 0.821
CO, L·min−1 4.1 (3.7; 5.6) 4.6 (3.7; 5.3) 0.615
CVP, mmHg 12 (10; 15) 10 (9; 12) 0.086

Arterial Blood Gas Analysis
pO2, mmHg 314 (270; 361) 131 (109; 158) <0.001
pCO2, mmHg 42 (40; 44) 41 (39; 43) 0.015
pH 7.38 (7.35; 7.41) 7.39 (7.35; 7.42) 0.169
BE −0.6 (−1.9; 0.9) −0.3 (−1.9; 0.9) 0.765
Hemoglobin, g·dL−1 11.7 (9.9; 12.8) 11.7 (10.2; 12.9) 0.745
Lactate, mmol·L−1 0.9 (0.7; 1.2) 0.9 (0.7; 1.1) 0.745
Glucose, mmol·L−1 7.3 (6.4; 8.9) 7.0 (6.2; 8.1) 0.071

2 h postoperative

Hemodynamic Parameters
HR, beats·min−1 75 (61; 91) 69 (63; 77) 0.450
MAP, mmHg 82 (76; 100) 81 (77; 100) 0.431

72 h postoperative

Fluid, mL a 9852 (6845; 11,989) 9506 (7200; 12,137) 0.900
Piritramide, mg b 8.0 (3.0; 20.3) 10.0 (3.0; 21.0) 0.903

Summary characteristics of perioperative variables are presented as medians [25th quartile; 75th quartile]. All
p-values are for two-tailed Mann–Whitney U tests. etSevo, end-tidal Sevoflurane concentration; FiO2, Fraction of
inspired oxygen; etCO2, end-tidal carbon dioxide concentration; HR, heart rate; MAP, mean arterial pressure; SV,
stroke volume; CO, cardiac output; CVP, central venous pressure; pO2, oxygen partial pressure; pCO2, carbon
dioxide partial pressure; BE, base excess. a Overall amount of fluid administered during the first 72 h after surgery.
b Overall amount of piritramide administered during the first 72 h after surgery.

3.1. Primary Outcome

We did not observe a significant difference in Copeptin concentrations in the overall
perioperative time course (p = 0.446) between both study groups (Figure 2). Furthermore,
at none of the time points was a significant difference in Copeptin concentrations between
the 80% oxygen and 30% oxygen group found (2 h postoperative: p = 0.090; postoperative
day 1: p = 0.936; postoperative day 3: p = 0.935) (Table 3).
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Figure 2. Plot showing the perioperative trend of Copeptin concentrations between patients who
received 0.8 FiO2 (red) and patients who received 0.3 FiO2 (black). Dots represent mean values,
vertical lines represent standard deviations of each group. The blank dots give the values of the
observed individuals separately for the two groups.

Table 3. Univariable regression model Copeptin.

Variable Comparison Effect Lower CI Upper CI p-Value

Time
pre vs. 2 h post −241.740 −264.440 −219.050 <0.001
pre vs. POD 1 −35.206 −58.245 −12.168 0.003
pre vs. POD 3 −7.976 −31.470 15.519 0.505

Time × Group

Group 30% vs. 80% pre −0.087 −35.119 34.944 0.996
Group 30% vs. 80% 2 h post 29.838 −4.614 64.291 0.090
Group 30% vs. 80% POD 1 −1.453 −36.794 33.888 0.936
Group 30% vs. 80% POD 3 −1.514 −38.053 35.025 0.935
Group 30% pre vs. 2 h post −256.380 −288.210 −224.550 <0.001
Group 30% pre vs. POD 1 −34.513 −66.983 −2.042 0.037
Group 30% pre vs. POD 3 −7.259 −40.295 25.778 0.666

Group 80% pre vs. 2 h post −226.450 −258.820 −194.080 <0.001
Group 80% pre vs. POD 1 −35.878 −68.582 −3.175 0.032
Group 80% pre vs. POD 3 −8.685 −42.115 24.744 0.610

Type of surgery Laparoscopic vs. Open −31.164 −55.866 −6.463 0.014

Time × Type of surgery Overall Interaction <0.001

Age 0.559 −0.937 2.055 0.464
BMI 0.194 −2.136 2.523 0.871
Sex Female vs. Male 15.426 −9.309 40.161 0.221
ASA III, IV vs. I, II −3.227 −29.836 23.383 0.812
Coronary Artery Disease Yes vs. No 5.535 −20.697 31.767 0.679
Peripheral Artery Disease Yes vs. No 19.548 −12.763 51.859 0.235
Stroke Yes vs. No 1.759 −44.601 48.118 0.941
Heart Failure Yes vs. No 22.391 −24.925 69.707 0.353
Diabetes Yes vs. No −1.582 −28.143 24.980 0.907
Hypertension Yes vs. No −4.915 −51.273 41.443 0.835

The estimated effect sizes, confidence intervals (CI) and p-values were calculated using univariable regression
models. pre, preoperative; 2 h post, within two hours after surgery; POD, postoperative day; BMI, body mass
index; ASA, American Society of Anesthesiologists.

Copeptin concentrations increased significantly within two hours after surgery, com-
pared with baseline values in the overall study population (estimated effect pre vs. post:
−241.7 pmol·L−1; 95% CI −264.4 to −219.1; p < 0.001) as well as in each study group (each
p < 0.001). Similarly, Copeptin concentrations on the first postoperative day were elevated
significantly from baseline values in the overall study population (estimated effect pre vs.
post: −35.2 pmol·L−1; 95% CI −58.2 to −12.2; p = 0.003) as well as in each study group (80%
oxygen group: p = 0.032; 30% oxygen group: p = 0.037). There was no significant difference
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found in Copeptin concentrations on the third postoperative day compared with baseline
values in the overall study population (p = 0.505), or the 80% oxygen group (p = 0.610) or
the 30% oxygen group (p = 0.666) separately.

Baseline patient characteristics, including age, sex, BMI, ASA physical status, history
of coronary artery disease, history of peripheral artery disease, history of stroke, heart
failure, diabetes or hypertension, did not significantly affect perioperative Copeptin con-
centrations in the univariable regression model (all p > 0.05). On an average over all time
points, significantly larger Copeptin concentrations were found for open as compared to
laparoscopic surgery (p = 0.014). A larger increase in Copeptin concentrations from baseline
to two hours after surgery was found for open surgeries as compared to laparoscopic
surgeries (p = 0.001).

In the multivariable regression model, Copeptin values within two hours after surgery
were significantly higher in patients receiving open as compared to laparoscopic surgery
(p < 0.001).

No significant difference was observed in postoperative Copeptin concentrations from
baseline to the first or third postoperative day between open or laparoscopic surgeries
(Appendix A, Table A1).

3.2. Post-Hoc Analysis

We observed significantly higher Copeptin concentrations in patients with MINS
as compared to patients without MINS before surgery (14.1 [IQR 8.1 to 22.4] versus 7.7
[IQR 4.5 to 14.2]; p = 0.002), on the first postoperative day (49.0 [IQR 29.7 to 116.0] versus
26.7 [IQR 11.9; 53.6]; p = 0.002) and on the third postoperative day (24.3 [IQR 16.1 to 46.3]
versus 12.5 [IQR 7.2 to 21.5]; p = 0.002). Copeptin concentrations within two hours after
surgery were similar between patients with MINS (190.3 [IQR 118.2 to 376.9]) and patients
without MINS (196.8 [IQR 109.0 to 362.9]) (p = 0.840) (Appendix A, Figure A1). Figure A2
in Appendix A shows ROC curves for preoperative Copeptin concentrations and MINS
(Area under the curve (AUC) = 0.686; 95% CI 0.586 to 0.926) as well as for preoperative
Troponin T concentrations and MINS (AUC = 0.908; 95% CI 0.849 to 0.967) (Appendix A).
The area under the ROC curve for Copeptin concentrations within two hours after surgery
and MINS was 0.514 (95% CI 0.400 to 0.628) and for Troponin T within two hours after
surgery and MINS was 0.480 (95% CI 0.368 to 0.592) (Appendix A, Figure A2).

Overall, 10 patients in this secondary analysis developed a postoperative cardio-
vascular complication within 30 days after surgery. Copeptin concentrations at baseline
(AUC = 0.666; 95% CI 0.445 to 0.886) or within 2 h after surgery (AUC = 0.611; 95% CI 0.432
to 0.789) did not show a predictive value for the occurrence of cardiovascular complications
within 30 days after surgery. The area under the ROC curve for Copeptin concentrations
on the first postoperative day and cardiovascular complications was 0.819 (95% CI 0.688 to
0.950) and for Copeptin concentrations on the third postoperative day and cardiovascular
complications was 0.866 (95% CI 0.743 to 0.988) (Appendix A, Figure A3).

4. Discussion

The administration of perioperative supplemental oxygen did not significantly at-
tenuate the release of postoperative Copeptin concentrations in patients at risk for car-
diovascular complications undergoing moderate- to high-risk major abdominal surgery.
However, we observed a significant increase in postoperative Copeptin concentrations
compared with preoperative baseline values in both study groups as well as in the overall
study population.

In contrast to the non-surgical setting, we did not observe significant stress reduc-
tion in patients who received perioperative supplemental oxygen [27]. One explanation
could be that in the study performed in the non-surgical setting, supplemental oxygen
was administered for four weeks during the night [27]. Furthermore, only patients with
stable heart failure and documented Cheyne–Stokes respiration, who have a high risk for
nocturnal desaturation, were included [27]. In this context, the authors suggested that the
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administration of supplemental oxygen leads to a reduction in episodes of desaturation,
which finally leads to reduction in stress [27]. Thus, it might be possible that the duration
of oxygen administration in our study was too short to show the same effects. Furthermore,
patients undergoing surgery are closely monitored, which makes episodes of desaturation
very unlikely. Therefore, our patients might have not been exposed to stress caused by
hypoxic events.

An in vitro study has shown that hyperoxia leads to a significant increase in cyto-
toxicity in adult cardiac myocytes [28]. A retrospective analysis of the PROXI trial has
shown that supplemental oxygen increases the risk of myocardial complications after
noncardiac surgery [29]. However, a further retrospective sub-analysis of a more recent
prospective trial, which investigated the effect of 80% versus 30% oxygen on wound-related
complications, did not observe a negative effect of intraoperative supplemental oxygen
on cardiovascular complications [30]. More importantly, the most recent trial also showed
no negative effects of supplemental oxygen on the incidence of MINS in patients with
cardiovascular risk factors undergoing major noncardiac surgery [31]. These findings are
consistent with the results of our main trial [21]. Similar to postoperative Troponin T con-
centrations, the administration of supplemental oxygen also did not result in a significant
difference in postoperative Copeptin concentrations.

It has been shown recently that preoperative Copeptin values > 14 ng/L have a high
predictive value for the development of myocardial injury after surgery [11]. However,
the trend of Copeptin concentrations in the postoperative period was only investigated
in a relatively small study on 30 patients undergoing major vascular surgery [25]. In our
post-hoc analysis, we observed significantly increased Copeptin concentrations in patients
with MINS as compared to patients with no MINS on the first and third postoperative days.
Copeptin concentrations within 2 h after surgery did not differ significantly between those
groups. Interestingly, we found that Copeptin concentrations before surgery and two hours
after surgery were not superior to Troponin T at these time points for predicting MINS.
Therefore, it seems likely that Copeptin concentrations in the preoperative and immediate
postoperative period do not surpass Troponin T concentrations in the early stratification of
patients at risk of developing MINS.

Several studies have shown that noncardiac surgery is associated with a significant
postoperative increase in cardiac and stress markers [21,32]. The time after surgery remains
a very decisive period associated with cardiovascular complication [2,33]. Troponin T
and NT-proBNP concentrations in the first postoperative days are strong predictors for
myocardial injury and myocardial strain [2,34]. In contrast to NT-proBNP and Troponin T,
which increase approximately 48 h after major abdominal surgery [21,35], we observed that
Copeptin concentrations peak within two hours after surgery. Nevertheless, only Copeptin
concentrations on the first and third postoperative days were predictive for the develop-
ment of MINS. Copeptin concentrations have been shown to be significantly elevated in
patients experiencing cardiovascular morbidities, including myocardial infarction, stroke
and heart failure. Postoperative atherosclerotic complications are the leading cause of
postoperative deaths in patients undergoing major noncardiac surgery [24]. Nevertheless,
while several risk factors for the development of cardiovascular complications have been
established, a clear pathophysiologic explanation has not been determined yet [36]. In our
secondary analysis we found a significant increase in postoperative Copeptin concentra-
tions, which highlights the fact that noncardiac surgery is associated with a significant
postoperative stress response. Furthermore, we observed a predictive value of preoperative
Copeptin concentrations for the development of MINS as well as a predictive value of
Copeptin concentrations on the first and third postoperative days for the development
of cardiovascular complications. Based on our results, further studies should investi-
gate the impact of perioperative stress on the occurrence of postoperative cardiovascular
complications in patients undergoing major noncardiac surgery.

We observed significantly higher postoperative Copeptin concentrations in the overall
study population compared with baseline values. Surgery is associated with significantly
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higher cortisol concentrations, inflammatory response and oxidative stress [37–39]. Simi-
lar postoperative responses in oxidative stress were also observed in another secondary
analysis of our main trial [40]. In detail, we have shown that oxidative stress, assessed
via oxidation–reduction potential, which is a reliable marker for oxidative stress [41],
significantly increased in the overall study population [40]. Furthermore, there was a
simultaneous decrease in the oxidation–reduction capacity [40].

Our study has some limitations. This is a secondary analysis of our main trial [21]. The
primary study was powered to detect the effect of supplemental oxygen on postoperative
maximum NT-proBNP concentrations [21]. Nevertheless, the given sample size may
be adequate to detect clinically relevant effects of supplemental oxygen on Copeptin
concentrations. We did not measure further biomarkers to assess perioperative stress
such as catecholamines or cortisol concentrations in our study population. The additional
assessment of other biomarkers might have provided more substantial information on the
effect of supplemental oxygen on perioperative stress response.

5. Conclusions

In summary, we showed that the administration of supplemental oxygen has no
significant effect on postoperative Copeptin concentrations, which has been used as a
surrogate parameter for surgical stress response and myocardial injury. However, we
found that Copeptin increased earlier as compared to other biomarkers. Based on our
results and previous literature, it is becoming more evident that surgical trauma is a very
stressful event, which was reflected by a significant increase in postoperative Copeptin
concentrations. In this context, supplemental oxygen might play a negligible role in the
postoperative stress response, which could be predominantly caused by surgery.
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Appendix A

Table A1. Multivariable regression model Copeptin.

Variable Comparison Effect Lower CI Upper CI p-Value

Time × OP Type Overall Interaction Test <0.001
Laparoscopic vs. Open: 2 h post—pre −100.940 −147.280 −54.589 <0.001
Laparoscopic vs. Open: POD 1—pre −12.263 −59.370 34.845 0.609
Laparoscopic vs. Open: POD 3—pre −10.150 −58.725 38.425 0.682

Laparoscopic vs. Open: pre −1.973 −37.623 33.676 0.914
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Table A1. Cont.

Variable Comparison Effect Lower CI Upper CI p-Value

Laparoscopic vs. Open: 2 h post −102.910 −138.100 −67.715 <0.001
Laparoscopic vs. Open: POD 1 −14.236 −50.421 21.949 0.440
Laparoscopic vs. Open: POD 3 −12.123 −50.204 25.957 0.532
Laparoscopic: pre vs. 2 h post −176.100 −213.39 −138.810 <0.001
Laparoscopic: pre vs. POD 1 −27.172 −65.203 10.859 0.161
Laparoscopic: pre vs. POD 3 −1.508 −41.303 38.287 0.941

Open: pre vs. 2 h post −277.030 −304.550 −249.520 <0.001
Open: pre vs. POD 1 −39.435 −67.232 −11.637 0.006
Open: pre vs. POD 3 −11.658 −39.512 16.197 0.411

The estimated effect sizes, confidence intervals (CI) and p-values were calculated using multivariable regression
models (with random factor patient); POD, postoperative day.

Figure A1. Boxplots showing the perioperative trend of Copeptin concentrations between patients
with MINS and patients without MINS. Boxplots demonstrate medians and interquartile ranges;
circles represent outliers; stars represent extreme outliers; MINS, myocardial injury after noncardiac
surgery; POD, postoperative day.

Figure A2. Receiver–operator characteristic curves for MINS and Copeptin concentrations at baseline
(blue) and within two hours after surgery (green) and Troponin T concentrations at baseline (red)
and within two hours after surgery (orange). 2 h post OP, within two hours after surgery; AUC, area
under the curve; CI, confidence interval.
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Figure A3. Receiver–operator characteristic curves for cardiovascular complications within 30 days
after surgery and Copeptin concentrations at baseline (blue), within two hours after surgery (green),
on the first postoperative day (red) and on the third postoperative day (orange). 2 h post OP, within
two hours after surgery; AUC, area under the curve; CI, confidence interval.
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Abstract: Background: In this study, it was shown that the routine use of McGrath videolaryngoscopy
may improve intubation success rates. The benefits to using a videolaryngoscope in nasotracheal
intubation were also demonstrated. However, no solid evidence concerning the effectiveness of the
use of McGrath videolaryngoscopes in nasotracheal intubation has previously been reported. As
a result, we questioned whether, in adult patients who underwent oral and maxillofacial surgeries
with nasotracheal intubation (P), the use of a McGrath videolaryngoscope (I) compared with a
Macintosh laryngoscope (C) could reduce the intubation time, improve glottis visualization to a
score of classification 1 in the Cormack–Lehane classification system, and improve the first-attempt
success rate (O). The secondary outcomes measured were the rate of the use of Magill forceps and
the external laryngeal pressure (BURP) maneuver used. Methods: An extensive literature search
was conducted using databases. Only randomized controlled trials that compared the McGrath
videolaryngoscopy and Macintosh laryngoscopy techniques in nasotracheal intubation in adult
patients were included. Results: Five articles met the inclusion criteria and were included in the
final analysis (n = 331 patients). The results showed a significant decrease in intubation time and a
higher rate of classification 1 scores in the Cormack–Lehane classification system, but no difference
in the first-attempt success rates were found between the McGrath group and the Macintosh group.
Decreases in the rate of the use of Magill forceps and the use of the external laryngeal pressure
maneuver were also found in the pooled analysis. With regard to the overall risk of bias, the selected
trials were classified to have at least a moderate risk of bias, because none of the trials could blind
the operator to the type of laryngoscope used. Conclusions: Our analysis suggests that the use
of a McGrath videolaryngoscope in nasotracheal intubation resulted in shorter intubation times,
improved views of the glottis and similar first-success rates in adult patients who received general
anesthesia for dental, oral, maxillofacial, or head and neck cancer surgery, and also reduced the use
of Magill forceps and the BURP maneuver.

Keywords: McGrath; videolaryngoscope; nasotracheal intubation

1. Introduction

McGrath videolaryngoscopes comprise a direct video laryngoscope, a battery-contained
handle, and a disposable plastic blade in a single device, and anesthesiologists can perform
intubation using a McGrath videolaryngoscope in patients with either normal or difficult
airways. Kriege et al. revealed that the routine use of McGrath videolaryngoscopy may
improve intubation success rates [1].
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Hoshijima et al. completed a comprehensive systematic review and meta-analysis
in which a comparison of McGrath videolaryngoscopes versus Macintosh laryngoscopes
in orotracheal intubation was presented. The authors suggested that the McGrath vide-
olaryngoscope was more suitable than the Macintosh laryngoscope in terms of glottic
visualization, but the McGrath videolaryngoscope extended the intubation time, and its
success rate in terms of tracheal intubation was not superior [2]. However, the study did
not compare these two tools in nasotracheal intubation.

Nasotracheal intubation is largely performed during oral and maxillofacial surgeries.
The benefits of this technique include the fact that it provides good accessibility and a
larger surgical field [3]. The procedure involves passing an endotracheal tube through
the nostril into the nasopharynx and the trachea. Several techniques are often used to
enhance the success rate during nasotracheal intubation, such as the use of Magill forceps
or the external laryngeal pressure maneuver [3]. A systematic review and meta-analysis
by Jiang et al. compared videolaryngoscopy with direct laryngoscopy in nasotracheal
intubation and concluded that the use of a videolaryngoscope did not improve the success
rate of nasotracheal intubation in adult patients, but it improved the first-attempt success
rate, optimized the laryngeal view, and decreased the intubation time. Additionally, the
analysis showed a lower rate of the use of Magill forceps [4]. However, studies that used
videolaryngoscopy included in this meta-analysis were detailed, and this study did not
specifically survey the McGrath videolaryngoscopy technique.

Currently, there is no solid evidence concerning the effectiveness of McGrath vide-
olaryngoscopes in nasotracheal intubation. As a result, we questioned whether, in adult
patients who underwent oral and maxillofacial surgeries with nasotracheal intubation (P),
the use of a McGrath videolaryngoscope (I) compared to a Macintosh laryngoscope (C)
could reduce intubation time, improve glottis visualization to a score of classification 1 in
the Cormack–Lehane classification system, and improve the rate of first-attempt success in
intubation (O). The secondary outcomes were the rate of the use of Magill forceps and the
use of the external laryngeal pressure (BURP) maneuver.

2. Methods

This study followed the Cochrane Handbook for Systematic Review of Interven-
tions [5] and the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) [6], and the study protocol was registered in the International prospective register
of systematic reviews (PROSPERO) in 2022 (registration number: CRD42022293199).

2.1. Search Strategy

An extensive literature search was conducted using PubMed and Cochrane Central
Register of Controlled Trials from 1 January 1980 to 10 October 2021. The last search date
was 1 November 2021. The search strategy used in the two electronic databases was the
use of search strings, including “McGrath, (or McGrath MAC, videolaryngoscope), and
nasotracheal intubation (or NTI)” in all fields. Reviews, case reports, and studies published
in abstract forms were excluded. No language restriction was imposed.

2.2. Study Selection

1. Inclusion Criteria Prospective randomized clinical trials that compared the McGrath
videolaryngoscopy and Macintosh laryngoscopy techniques in nasotracheal intuba-
tion in adult patients (age ≥ 18 years old) who underwent operations with general
anesthesia were included.

2. Exclusion Criteria We excluded manikin trials, cadaver studies, observational stud-
ies, studies that involved tracheal intubation during cardiopulmonary resuscitation,
double-lumen tubes, pediatric patients (age < 18 years old), and articles that involved
nasotracheal intubation with other videolaryngoscopes.
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2.3. Outcomes

1. Primary outcome The primary outcomes were the intubation time (from the intranasal
placement of the tube to the detection of carbon dioxide via capnography), the
rate of classification 1 scores in the Cormack–Lehane classification system, and the
first-attempt success rate.

2. Secondary outcome The secondary outcomes were the rate of the use of Magill forceps
and the use of the external laryngeal pressure (or backward, upward, or rightward
pressure) maneuver.

2.4. Data Extraction

Three authors (Ho, CH, Hsu, WH, and Chen, LC) assessed each article independently,
evaluated whether it met the inclusion criteria, and used standardized data collection
forms for data extraction. For continuous variables, the mean, standard deviation (SD),
and sample size were extracted from each eligible article. Data such as the median and
interquartile range that could not be used directly were converted to means and SDs using
formulae provided in the Cochrane Handbook. For the dichotomous data, the number of
events that occurred and the sample size were also extracted. If more than two comparisons
were made in one study, the authors only extracted the results concerning the McGrath
videolaryngoscopy and Macintosh laryngoscopy groups.

2.5. Data Synthesis

In terms of the data synthesis of the outcomes involved in the studies, three types of
outcomes were observed:

1. All of the studies included shared the same methods and units when evaluating the
outcomes, such as intubating time, first-attempt success rate, the Cormack–Lehane
classification of the quality of the view of the glottis/vocal cord, and the use of Magill
forceps during intubation (continuous outcomes needed to share the same unit);

2. When evaluating the outcomes, different terms which shared one similar meaning
were used: external laryngeal manipulation. Some of the studies used the term
“backward–upward–rightward pressure maneuver (BURP maneuver)” or “external
laryngeal pressure” to define the same maneuver.

3. The studies included used different tools/values to evaluate the outcome of ease of
intubation. This kind of outcome was not synthesized and included in our studies.

Furthermore, the data were only synthesized and evaluated when more than 50% of
the studies had thoroughly included data-concerning outcomes.

Five groups of data met the criteria and were synthesized: intubation time,
Cormack–Lehane grade, the use of Magill forceps, external laryngeal pressure, and first-
attempt success rate. Meta-analyses were performed using RevMan 5.4 software, The
Nordic Cochrane Centre, Copenhagen, Denmark (https://training.cochrane.org/online-
learning/core-software-cochrane-reviews/revman/revman-5-download, accessed on 21
October 2021). A random-effects model was applied to account for clinical and methodolog-
ical heterogeneity between studies. Statistical heterogeneity was assessed with I2, where
values of 30–60% and 50–90% were considered to represent moderate and substantial hetero-
geneity, respectively. The risk ratios (RRs) or odds ratios (ORs) with 95% CIs were calculated
for dichotomous/discrete outcomes and then pooled with the Mantel–Haenszel method.
Continuous outcomes (intubation time) were calculated with the weighted mean differences
(WMDs) of mean values and SDs using the inverse variance method. A p-value < 0.05 was
considered statistically significant. The outcomes of intubation time and Cormack–Lehane
grade were analyzed using a random-effects model, and the other three study data were
analyzed using a fixed-effects model.

2.6. Risk of Bias

Two authors (Ho, CH and Hsu, WH) independently appraised the risk of bias of the
selected eligible studies using the “risk of bias” assessment tool in the Cochrane Handbook
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and generated a “risk of bias” summary figure using Review Manager (RevMan 5.4.1).
Concerning the overall risk-of-bias judgement, if the trial was assessed to be at low risk of
bias in all domains for this result, the study was classified as being “low-risk”; if the trial
was assessed to raise some concerns in more than one domain without any high risk of
bias in any domain, the study was classified as having “some concerns”; if the trial was
assessed to be at high risk of bias in more than one domain, the study was classified as
being “high-risk”.

2.7. Quality Assessment

The quality of evidence concerning the outcomes that we investigated was assessed
by applying the Grading of Recommendations Assessment, Development, and Evaluation
(GRADE) system to study the limitations, consistency of effects, imprecision, indirectness,
and publication bias in our reviews [7]. After the assessment, a table concerning the GRADE
evidence profile was created using GRADEpro software (https://www.gradepro.org/,
accessed on 18 April 2022) to rate all outcomes, including very low, low, moderate, or
high quality.

3. Results

3.1. Searching Result

Following our search strategy, 67 papers were found on PubMed, and 387 papers
were found on Cochrane. Duplicated and unpublished studies were excluded initially,
and the remaining 236 studies were screened carefully using their titles and abstracts.
A total of 224 studies were excluded at this step, of which 164 studies were irrelevant
(including studies concerning orotracheal intubation or different topics), 7 studies discussed
videolaryngoscopes, 2 studies were manikin studies, and 51 studies were not RCTs. In
total, 12 articles were selected for full text assessment following our inclusion and exclusion
criteria. A total of seven articles were excluded, of which one article discussed airways
that were predicted to be difficult and did not have adequate outcomes that we could
analyze [8], one article discussed a pediatric population [9], and five articles discussed
different videolaryngoscopes [10–14]. Eventually, five articles were found to meet our
inclusion criteria and were included in the final analysis (n = 331 patients) [15–19] (Figure 1).

3.2. Included Studies

The characteristics of the selected studies are summarized in Table 1. In the meta-
analysis, a total of 331 cases were included (165 cases that used the McGrath laryngoscope
and 166 cases that used the Macintosh laryngoscope). The type of surgery performed in the
selected studies included dental, oral, maxillofacial, and head and neck cancer surgery. All
of the participants were classified as ASA 1~2. All five studies were carried out in patients
with normal airways.

3.3. Result of Primary Outcomes

In the analysis of the five selected studies, the results showed significant decreases
in intubation times in the McGrath group compared with the Macintosh group (MD,
−10.98 sec; 95% CI, −18.97 to −2.98; n = 331; p = 0.007; I2 = 88%, Figure 2). During intuba-
tion, when using McGrath videolaryngoscope, there was a greater possibility of obtaining
a view of the vocal cords that was classified as classification 1 in the Cormack–Lehane
classification system (RR, 2.34; 95% CI, 1.25 to 4.40; n = 331; p = 0.008; I2 = 87%, Figure 3),
which indicated that using the McGrath videolaryngoscope provided better glottis visual-
ization during nasotracheal intubation. All of the trials separately revealed significantly
better Cormack–Lehane classifications when the McGrath videolaryngoscope was used.
Pooled data showed no significant differences in the first-attempt success rates between
the McGrath and Macintosh laryngoscopes (RR, 1.04; 95% CI, 1.00 to 1.08; n = 331; p = 0.17;
I2 = 38%, Figure 4).
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Figure 1. Flow chart of the systemic review. VL, videolaryngoscope; RCT, randomized control trial.
Articles Excluded due to Difficult airway [8], Pediatric population [9], Other VL [10–14]; Included
studies [15–19].

Table 1. The summary of the characteristics of included studies.

Author Year Participants

Case
Number

(MG/ML)

ASA
Status

Outcomes

Other
OutcomesIntubation

Time
CL Classifica-

tion 1

Successful
Rate in 1st
Attempt

Magill
Forceps

Use

BURP
Maneuver

Kwak [15] 2015
Oral and

maxillofacial
surgery

70 (35/35) 1~2 V V V V
Ease of

intubation,
bleeding

Sato [16] 2017 Elective
oral surgery 40 (20/20) 1~2 V V V V V

bleeding,
esophageal
intubation,

dental injury

Chae [17] 2019

Elective oral
and

maxillofacial
surgery

82 (41/41) 1~2 V V V V V

Nasotracheal
intubation
difficulty

score

Roh [18] 2019
Dental or

maxillofacial
surgery

80 (40/40) 1~2 V V V V V
Bleeding risk,

ease of
intubaiton

Ambulkar [19] 2021
Elective head

and neck
cancer surgery

59 (29/30) 1~2 V V V V V Difficulty of
intubation

MG: McGrath laryngoscope, ML: Macintosh laryngoscope, ASA status: American Society of Anesthesiologists
Classification, CL: Cormack–Lehane classification; BURP: backward, upward, right lateral pressure maneuver.
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Figure 2. Forest plot of the intubation time of nasotracheal intubation (McGrath vs. Macintosh
laryngoscope). The width of the horizontal line represents the 95% confidence interval (CI) of each
study, and the square proportional represents the weight of each study. The rhombus represents the
pooled rate and 95% CI. (same as below).

Figure 3. Forest plot of the rate of Cormack–Lehane classification 1 (McGrath vs. Macintosh laryngoscope).

Figure 4. Forest plot of the first-attempt success rate (McGrath vs. Macintosh laryngoscope).

3.4. Result of Secondary Outcomes

All five studies reported a comparison of the rate of the use of Magill forceps. The
pooled analysis showed that McGrath videolaryngoscopy compared with Macintosh laryn-
goscopy was associated with a reduced rate of Magill forceps use (OR, 0.08; 95% CI, 0.03
to 0.23; n = 331; p < 0.00001; I2 = 0%, Figure 5). The use of the external laryngeal pressure
maneuver was compared in four studies. Kwak et al. used optimal external laryngeal
manipulation despite what the Cormack–Lehane classification was and compared the
quality of glottis visualization before and after optimal external laryngeal manipulation.
The pooled analysis revealed a significant difference between the two groups (OR, 0.13;
95% CI, 0.07 to 0.25; n = 261; p = 0.002; I2 = 80%, Figure 6).

3.5. Risk of Bias

The risks of bias are summarized in Figure 7, and the overall risk of bias in the
selected trials was classified to be at least a moderate risk of bias, because during all of the
trials, blinding of the type of laryngoscope to the participants is impossible. In addition,
Chae et al. did not present adequate outcomes that we could include.
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Figure 5. Forest plot of the Magill forceps used (McGrath vs. Macintosh laryngoscope).

Figure 6. Forest plot of the external laryngeal pressure maneuver used (McGrath vs. Macintosh
laryngoscope).

 

Figure 7. The summary of the risks of bias of the selected studies. Green circle with a plus symbol
represents low risk of bias, and red circle with a minus symbol represents high risk of bias. All the
studies face high risk of bias regarding the blinding of the participants.
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3.6. GRADE Assessment

We evaluated the quality of evidence according to the GRADE assessment [7], and
Table 2 displays a brief summary of the quality of evidence and the findings. Due to
heterogeneity and the impossibility of blinding the participants, most of the outcomes were
rated as low to very low quality, which is one of the limitations of our study.

Table 2. GRADE Evidence Profiles: McGrath for nasotracheal intubation.

Quality Assessment Summary of Findings

No. of
Studies

Risk of Bias Inconsistency Indirectness Imprecision Publication
Bias

Number of Patients (%) Effect
Quality of
EvidenceMcGrath Macintosh

Relative Risk
(95% CI)

Absolute
Risk

Intubation time

5 No serious
risk of bias *1 Serious *2 No serious

limitation
No serious
limitation

No Serious
limitation 165 166 MD = −10.98

(−2.98~−18.97) Low

Cormack-Lehane classification 1

5 No serious
risk of bias *1 Serious *2 No serious

limitation
No serious
limitation

No Serious
limitation

129/165
(78.2%)

59/166
(35.5)

2.34
(1.25~4.40)

44 more
per 100 Very low

First attempt successful rate

5 No serious
risk of bias *1

No serious
limitation

No serious
limitation

Mild
limitation

No Serious
limitation

164/165
(99.4%)

159/166
(95.8%)

1.04
(1.00~1.08)

Not Sig-
nificant Low

Use of Magill forceps

5 No serious
risk of bias *1

No serious
limitation

No serious
limitation

No serious
limitation

No Serious
limitation

3/165
(1.8%)

39/166
(23.5%)

OR = 0.08
(0.03–0.23)

21 less
per 100 Low

Backward-upward-rightward Pressure Maneuver

4 No serious
risk of bias *1 Serious *2 No serious

limitation
No serious
limitation

No Serious
limitation 11/130 59/131 OR = 0.13

(0.07–0.25)
36 less
per 100 Very low

MD: mean difference, OR: odds ratio. *1: All the trials involved has the risk of bias due to incapability of blinding
of the participants; *2: substantial heterogeneity found (I2 between 60–90%). Quality of evidence: low means that
confidence in the effects of the intervention is very likely to change with future research findings or all studies
have severe limitations; very low means that uncertainty remains about the effects of the intervention.

4. Discussion

Our analysis showed that the use of the McGrath videolaryngoscope shortens the
nasotracheal intubation time compared with that needed using the Macintosh laryngoscope.
This result was compatible with that of the previous meta-analysis [4]. Jiang et al. reported
a pooled analysis that showed shorter intubation times in nasotracheal intubation using
different videolaryngoscopes. However, Hoshijima et al. reported a prolonged orotracheal
intubation time when the McGrath videolaryngoscope was used compared with when the
Macintosh laryngoscope was used [2]. The difference in these results may be the result
of differences between the process of nasotracheal intubation and traditional orotracheal
intubation. The process of nasotracheal intubation includes passing an endotracheal
tube through the naris into the nasopharynx and using the laryngoscope to visualize the
endotracheal tube that passes through the vocal cords. Operators were not able to adjust
the shape of the endotracheal tubes using stylets. Due to the process and limitations
mentioned above, the time needed for nasotracheal intubation is more unpredictable and
relies more heavily on the view of the glottis using a laryngoscope. Furthermore, most
of the participants in our studies underwent dental, oral, maxillofacial, and head and
neck cancer surgery, which means our population was very different from that studied by
Hoshijima et al. Concerning the comparison of the McGrath videolaryngoscope and other
videolaryngoscopes, the McGrath videolaryngoscope allowed for a shorter orotracheal
intubation time as the patients had restricted neck movement and were limited in their
ability to open their mouths [20].

The results of our study also display an increase in the rate of classification 1 scores
from the Cormack–Lehane classification system when using the McGrath videolaryngo-
scope, which suggests that the glottis can be visualized better using this technique. A
previous study revealed that laryngeal grade views were superior to the McGrath vide-
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olaryngoscope than the Macintosh laryngoscope in simulated difficult airways [21]. The
improvement of glottic visualization provided by videolaryngoscopes may be attributed
to the digital camera on the blade tip of videolaryngoscopes, which allows practitioners
to access the glottis more intuitively, gain a wider visual angle, and decrease the demand
of the alignment of the visual axes. In order to predict the rate of difficult intubation, the
Cormack–Lehane classification system was utilized to describe the views of laryngeal struc-
tures via direct laryngoscopy. Nevertheless, it was questioned whether this classification
was appropriate for predicting the success rate with videolaryngoscopy [22]. Videolaryn-
goscopy provides indirect views of the glottis, so practitioners should have good hand–eye
coordination and the adequate experience required to perform videolaryngoscopies.

A previous study showed that the results concerning the first-attempt success rates
between McGrath and Macintosh laryngoscopy in tracheal intubation were similar, and
first-attempt success rates were only increased in patients with difficult airways using
videolaryngoscopy in nasotracheal intubation [5]. The results of our study revealed a similar
result that showed McGrath and Macintosh laryngoscopes were not statistically different
in terms of the first-attempt success rates. However, a previous study that investigated the
use of these techniques in patients with predicted difficult airways showed that the use of
the McGrath videolaryngoscope increased the first-attempt success rate [8].

In the nasotracheal intubation procedure, practitioners often use assistive maneuvers
to pass the endotracheal tube through the vocal cords, including Magill forceps, the BURP
maneuver, cuff inflation, etc. In our analysis, the rates of the use of Magill forceps and
external laryngeal pressure were much lower in nasotracheal intubation procedures that
utilized the McGrath videolaryngoscope. Previous RCTs demonstrated the same conclusion
that using videolaryngoscopes in nasotracheal intubation resulted in fewer uses of Magill
forceps compared with using a conventional direct laryngoscope [23]. Fewer uses of
assistive maneuvers could not only represent clearer laryngeal views but also reduce
possible complications, such as direct pharyngeal injury and cuff tear [24,25]. While
nasotracheal intubation is associated with numerous complications [26], anesthesiologists
should be concerned about every possible complication.

There were several limitations in our analysis. First, every study that we included
had a different study protocol, strategy, and endpoint, which meant that measurement
biases on primary and secondary outcomes were present in our analysis. Second, all of the
participants that we enrolled were adults; therefore, these results cannot be directly applied
to pediatric populations. Additionally, one trial gave the contradictory suggestion that the
Macintosh laryngoscope provided shorter nasotracheal intubation times, better tracheal
navigation, and required less use of the cuff inflation method in a pediatric population [9].
Third, nasotracheal intubation was usually performed in patients with predicted difficult
airways; however, the cases in our analysis were classified as normal airways. As a result,
the conclusions would be difficult to apply to the case of predicted difficult airways. Finally,
two factors decrease the quality of the evidence of our outcomes: one is the impossibility of
blinding due to the different appearance of the two intubating tools, and the other is the
heterogeneity of the studies included.

In conclusion, our analysis suggests that using the McGrath videolaryngoscope in
nasotracheal intubation provided shorter intubation times, better glottis views, and higher
first-success rates in adult patients who received general anesthesia for dental, oral, max-
illofacial, or head and neck cancer surgery, and also reduced the uses of Magill forceps
and the BURP maneuver. However, additional high-quality trials should be obtained to
clarify the benefits of the McGrath videolaryngoscope in terms of the overall success rate,
in pediatric populations and in predicted difficult airways.
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Abstract: Dexmedetomidine has sedative, sympatholytic, analgesic, and anti-inflammatory effects.
We investigated the effects of intraoperative dexmedetomidine infusion without a loading dose in
the prevention of pain and inflammation after laparoscopic hysterectomy. In this study, 100 patients
undergoing laparoscopic hysterectomy under desflurane anesthesia were randomized to receive
either 0.9% saline or dexmedetomidine (0.4 μg/kg/h) after induction to trocar removal. The primary
endpoints were postoperative pain and inflammatory response presented by the level of tumor
necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), IL-10, and C-reactive protein (CRP). The secondary
endpoints were hemodynamics during the anesthesia and surgery and postoperative nausea and
vomiting. Postoperative pain was decreased in the dexmedetomidine group for every time point,
and post-anesthesia care unit (PACU) rescue fentanyl doses were decreased in the dexmedetomidine
group. The inflammatory response representing TNF-α, IL-6, IL-10, and CRP were similar across the
two groups. Postoperative nausea and vomiting from PACU discharge to 24 h post-surgery were
reduced in the dexmedetomidine group. During anesthesia and surgery, the patient’s heart rate
was maintained lower in the dexmedetomidine-receiving group. Dexmedetomidine of 0.4 μg/kg/h
given as an intraoperative infusion significantly reduced postoperative pain but did not reduce the
inflammatory responses in patients undergoing laparoscopic hysterectomy.

Keywords: dexmedetomidine; pain; inflammation; hysterectomy

1. Introduction

Laparoscopic hysterectomy is the second most frequent operative procedure conducted
in women following cesarean delivery. The postoperative pain after laparoscopy is less
severe than laparotomy [1], but there might be pain during surgery, which may affect the
nervous system and inflammatory response [2]. Moreover, women tend to be more sensitive
to pain than men [3], and approximately 32% of patients experience chronic pain after a
hysterectomy that does not disappear after a year [4]. Therefore, control of inflammation
and pain may be of clinical significance in patients undergoing laparoscopic hysterectomy.

Dexmedetomidine, a highly selective α2-adrenergic receptor agonist in the central
nervous system, has sedative, anti-anxiety, anti-shivering, analgesic, and anesthetic-sparing
effects [5–7]. Dexmedetomidine is also known to reduce the inflammatory and stress
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responses and was identified in a meta-analysis to reduce serum inflammatory markers
significantly [8].

Most of the previous studies on the reduction of inflammatory response or postopera-
tive pain were conducted by continuous infusion (0.2–0.7 μg/kg/h) after administration of
a loading dose (0.5–1 μg/kg) which was according to the dosing regimen. Additionally,
these studies were performed in many surgeries, including general surgery, orthopedic
surgery, spinal surgery, cardiac surgery, laparoscopic surgery, etc. However, a loading
dose may cause transient hypotension and bradycardia [9] to severe adverse effects such
as asystole [10]. Recent studies demonstrated that continuous dexmedetomidine infusion
of 0.4–0.5 μg/kg/h without a loading dose is also effective for intraoperative and postop-
erative pain and is hemodynamically stable in laparoscopic cholecystectomy, abdominal
surgery, and multiple fracture surgery [9,11,12]. Until now, there was no study conducted
on the effects of continuous infusion of dexmedetomidine without a loading dose on pain
and inflammation during laparoscopic hysterectomy. We hypothesized that continuous
dexmedetomidine infusion without a loading dose might be effective in reducing pain and
inflammation. The goal of this study was to evaluate the efficacy of continuous infusion of
low-dose dexmedetomidine without a loading dose to minimize hemodynamic instability
while reducing pain and inflammation in laparoscopic hysterectomy.

2. Materials and Methods

This study was approved by the Institutional Review Board of CHA Bundang Medical
Center, CHA University, Seongnam, South Korea (approval number: CHAMC 2018-11-027,
approval date: 18 December 2018) and was conducted in accordance with the tenets of the
Declaration of Helsinki. After we registered this trial at the Clinical Research Information
Service (Effects of dexmedetomidine on inflammation and analgesia in patients under-
going laparoscopic hysterectomy. Available online: https://cris.nih.go.kr/cris/search/
detailSearch.do?seq=13521&status=5&seq_group=13521&search_page=M (accessed on
23 February 2019)), we enrolled the first patient. Written informed consent, including study
design and drugs, was obtained from every eligible subject in the aforementioned trial.
This study was conducted between 15 May 2019 and 14 September 2021. Patients who
were aged 19–65 years with an American Society of Anesthesiologists (ASA) physical
status classification of I or II and were scheduled for an elective laparoscopic hysterectomy
were included. The exclusion criteria were as follows: patients with body mass index
(BMI) > 30 kg/m2; the presence of allergy to study drugs; with heart, lung, kidney, cere-
brovascular, or psychiatric diseases; with sinus bradycardia; who were unable to express
pain; with chronic pelvic pain; with chronic use of opioids; who were pregnant or breast-
feeding; with diabetes mellitus; with infection (fever within 1 week); with conversion to
open surgery; co-operation; or with ASA physical status of III or more. The patients who
were eligible to participate in the trial were randomly designated to either the control or
dexmedetomidine group using sealed and opaque envelopes. Simple randomization with
a 1:1 ratio was produced by a computer-generated table of random numbers.

2.1. Anesthesia and Surgery

The anesthesiologist, blinded to the randomization, conducted the anesthesia induc-
tion, maintenance, and recovery. The subjects were monitored routinely by conducting
pulse oximetry, electrocardiography, noninvasive blood pressure, and bispectral index
(BIS). Intravenous (IV) lidocaine 30 mg, propofol 2.0 mg/kg, fentanyl 1.0 μg/kg, and
rocuronium 0.8 mg/kg were administered for endotracheal intubation. After anesthesia
induction, the dexmedetomidine group started dexmedetomidine infusion of 0.4 μg/kg/h,
and the control group received the same volume of 0.9% saline. The syringes containing
dexmedetomidine or 0.9% saline were not distinguishable and had no drug label. When
trocar was removed from the patient, continuous infusion of dexmedetomidine or normal
saline was stopped.
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Mechanical ventilation was used in 40% oxygen with air to maintain an end-tidal
partial pressure of CO2 between 35 and 40 mmHg. Desflurane 6–8 vol% on the vaporizer
dial setting was given to maintain the effect of anesthesia to sustain a BIS of 40–65 [13]. If
the patient’s pulse rate or blood pressure increased > 20% of the baseline value in spite
of increasing the dose of desflurane by 8 vol%, additional fentanyl of 50 μg would be
administered. After anesthetic induction, IV dexamethasone 4 mg was administered as
a prophylactic measure of postoperative nausea and vomiting (PONV). At the end of
the surgery, fentanyl 1 μg/kg and ondansetron 4 mg were administered intravenously.
IV-patient-controlled analgesia (PCA) (Anaplus; Ewha Meditech, Seoul, South Korea)
containing sufentanil 2.5 μg/kg, ondansetron 12 mg, and normal saline in a total volume
of 100 mL was started on every patient. Basal rate, bolus dose, and lockout interval were
2 mL/h, 0.5 mL, and 15 min, respectively.

2.2. Blood Sampling and Laboratory Data Collection

A blood sample was collected for tumor necrosis factor-alpha (TNF-α), interleukin-6
(IL-6), IL-10, and C-reactive protein (CRP) after the anesthesia induction (baseline), at the
end of the surgery, and on the first postoperative day (POD1). Blood samples for TNF-α,
IL-6, and IL-10 were instantly centrifuged at 5000 rpm for 5 min at 4 ◦C, and the collected
plasma was stored at −80 ◦C up to the examination. The plasma TNF-α, IL-6, and IL-10
levels were assessed using the specific immunoassay kit (R&D, Cat. No. HSTA00E; D6050;
D1000B, Minneapolis, MN, USA), and all examinations were duplicated. Blood samples for
these cytokines were collected repeatedly. CRP was analyzed at baseline and POD1.

2.3. Postoperative Management

The visual analog scale (VAS), ranging from 0 (no pain) to 10 (worst possible imagin-
able pain) cm, was used to assess postoperative pain. PONV was assessed as present or
absent. Pain and PONV were assessed through three intervals: post-anesthesia care unit
(PACU), from PACU discharge to 6 h after surgery, and from 6 h to 24 h after surgery. Pain
and PONV were measured at three different time points: at the PACU, 6 h after surgery,
and 24 h after surgery. The highest VAS score of pain assessed every 10 min at the PACU
was used. The highest patient-reported VAS score of pain from PACU discharge to 6 h after
surgery was noted at 6 h after surgery. The highest patient-reported VAS score of pain from
6 h to 24 h after surgery was noted at 24 h after surgery. Both the assessing anesthesiologist
and patients were blinded to the randomization.

IV fentanyl was administered, 50 μg once or twice (100 μg), in the PACU for rescue
analgesia. For rescue analgesia in the general ward, IV ketorolac 30 mg was administered,
in addition to IV-PCA. For rescue antiemetic, IV metoclopramide 10 mg was administered.

2.4. Primary Endpoints and Secondary Endpoints

The primary endpoints were postoperative pain and inflammatory response presented
by TNF-α, IL-6, IL-10, and CRP levels. The secondary endpoints were the incidence of
PONV and hemodynamics during the anesthesia and surgery (T0, baseline; T1, before
endotracheal intubation; T2, surgical incision; T3, 10 min after CO2 insufflation; T4, end of
surgery; T5, after extubation).

2.5. Statistical Analyses

According to previous medical records of our institute, the mean VAS score of patients
24 h after laparoscopic hysterectomy with fentanyl-based IV-PCA was 2.4 cm, and the
standard deviation (SD) was 2.1 cm [14]. Assuming that a 50% reduction in pain score
is clinically meaningful (α = 0.05, β = 0.2), the number of calculated subjects is 48 per
group, and 100 patients are required to account for a dropout rate of 5%. Statistical analyses
were performed using SPSS version 26.0 for Windows (IBM Corp., Armonk, NY, USA).
For quantitative variables, normality was assessed using the Kolmogorov–Smirnov test,
Shapiro–Wilk test, skewness, and kurtosis. The independent t-test and Mann–Whitney
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U test were performed for the normally and non-normally distributed data, respectively.
For dichotomous variables between the two groups, the chi-square test or Fisher’s exact
test was employed. A linear mixed-effects model using the restricted maximum likelihood
method was used on the postoperative pain, TNF-α, IL-6, IL-10, and vital signs during the
surgery to assess the interaction among groups and times (Pgroup × time): random effect
(for the subject) and fixed effect (for treatment groups and time points).

Data are presented as mean (SD), median (interquartile range), or the number of
patients (%). p-values < 0.05 were considered statistically significant. Bonferroni’s methods
for p-values adjustment were used to test for the difference among groups with repeated
measurements over time.

3. Results

3.1. Patient Demographics and Operative Details

A total of 100 subjects were randomized after their consent, and 88 subjects finished
this study (Figure 1). Patient demographics, including age, BMI, and ASA classification,
were not significantly different between the two groups (Table 1).

Figure 1. CONSORT flow diagram. CONSORT, Consolidated Standards of Reporting Trials.
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Table 1. Patient demographics and operative details.

Control (n = 41) Dexmedetomidine (n = 47) p-Value

Age 46.6 (5.1) 45.3 (4.9) 0.23
Height 159.3 (4.7) 159.3 (4.4) 0.99
Weight 60.4 (8.9) 63.0 (10.3) 0.21

BMI, Kg/m2 23.8 (3.4) 24.8 (3.9) 0.19
ASA physical status I/II 18/23 26/21 0.29

Cesarean delivery history 21 (51%) 17 (36%) 0.16
Abdominal surgery history 14 (34%) 10 (21%) 0.18

Intraoperative fluid, mL 1320.7 (527.9) 1253.2 (479.5) 0.53
Estimated blood loss, mL 300.0 [100.0–1300.0] 200.0 [50.0–1700.0] 0.60

Transfusion 4 (10%) 3 (6%) 0.70
Insertion of drain 17 (42%) 15 (32%) 0.35

Duration of operation (min) 108.5 (53.5) 107.3 (54.2) 0.92
Duration of anesthesia (min) 141.3 (55.4) 141.7 (55.8) 0.98
Duration of emergence (min) 5.8 (1.9) 6.4 (2.2) 0.16

Values are presented as mean (SD), median [interquartile range], or number of patients (%). BMI, body mass
index; ASA, American Society of Anesthesiologists; PACU, post-anesthesia care unit.

The operative details, including duration of surgery and duration of emergence,
were also not significantly different. Four patients had one unit of red blood cell (RBC)
transfusion in the control group. Moreover, one patient had one unit of RBC, and two
patients had two units of RBC transfusion in the dexmedetomidine group (p = 0.12).
For the dexmedetomidine group, the mean administered dexmedetomidine dosage was
47.2 ± 29.0 μg, and no adverse effect was observed during the surgery and anesthesia.

3.2. Perioperative Profile (Postoperative Pain and Postoperative Nausea and Vomiting)

Postoperative pain was decreased in the dexmedetomidine group for every time point,
and rescue fentanyl use in the PACU was decreased (Table 2 and Figure 2).

Table 2. Perioperative profile.

Control (n = 41) Dexmedetomidine (n = 47) p-Value

Pain
PACU 4 [3–5] 2 [1–4] <0.001
PACU discharge to 6 h after surgery 3 [2–3] 2 [1–2] <0.001
6 to 24 h after surgery 2 [1–2] 1 [1–2] <0.01

Rescue analgesic
PACU Fentanyl (ug) 29.3 (29.5) 16.0 (25.8) 0.03
PACU discharge to 6 h after surgery 3 (7%) 4 (9%) 1.00
6 to 24 h after surgery 5 (12%) 8 (17%) 0.52

PONV
PACU 3 (7%) 2 (4%) 0.66
PACU discharge to 6 h after surgery 13 (32%) 6 (13%) 0.03
6 to 24 h after surgery 12 (29%) 5 (11%) 0.03

Antiemetic
PACU 3 (7%) 2 (4%) 0.66
PACU discharge to 6 h after surgery 6 (15%) 4 (9%) 0.37
6 to 24 h after surgery 1 (2%) 3 (6%) 0.62

Side effect
PACU <0.01

Hypotension 0 (0%) 7 (15%) 0.01
Bradycardia 0 (0%) 4 (9%) 0.12
Shivering 2 (5%) 0 (0%) 0.21
Hypertension 1 (2%) 0 (0%) 0.47
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Table 2. Cont.

Control (n = 41) Dexmedetomidine (n = 47) p-Value

PACU discharge to 6 h after surgery 0.47
Dizziness 1 (2%) 0 (0%)

6 to 24 h after surgery 0.47
Dizziness 1 (2%) 0 (0%)

RSS score at PACU
PACU arrival 2/3/4 10/29/2 20/24/3 0.16
30 min after PACU arrival 2/3 39/2 44/3 1.00

Duration of PACU stay (minutes) 54.1 (19.1) 54.3 (15.4) 0.66

Values are presented as median [IQR], mean (SD), or number of patients (%). PACU, post-anesthesia care unit;
PONV, postoperative nausea, and vomiting; RSS, Ramsay sedation scale.

Figure 2. Postoperative pain. Postoperative pain was assessed by using visual analog scale from 0 to
10. The box plots represent the median, interquartile range, 10th and 90th percentile (whiskers), and
outliers (points). PACU, post-anesthesia care unit. * p < 0.05 compared with two groups.

However, intergroup differences in change in pain from baseline were not significant
over time (Pgroup × time = 0.09). Administered fentanyl doses at the PACU were also de-
creased in the dexmedetomidine group. The incidence rates of PONV from PACU discharge
to 6 h after surgery and 6 h to 24 h after surgery were decreased in the dexmedetomidine
group, but rescue antiemetic administration was similar between the two groups. PACU
side effects, including hypotension and bradycardia, were significantly increased in the
dexmedetomidine group. However, Ramsay Sedation Scale scores at the PACU and dura-
tion of PACU stay according to the modified Aldrete recovery score were similar between
the two groups.
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3.3. Inflammatory Response

Inflammatory response, including cytokines and CRP, was not significant between the
two groups at every time point (Table 3).

Table 3. Cytokines and C-reactive protein.

Control (n = 41) Dexmedetomidine (n = 47) p-Value

TNF-α (pg/mL)
After induction 0.50 [0.43–0.72] 0.57 [0.44–0.79] 0.35
End of surgery 0.42 [0.30–0.52] 0.45 [0.35–0.55] 0.38
POD 1 0.44 [0.35–0.59] 0.46 [0.28–0.62] 0.97

IL-6 (pg/mL)
After induction 0.45 [0.00–1.68] 0.33 [0.00–1.51] 0.92
End of surgery 4.43 [2.14–19.41] 7.98 [3.19–11.35] 0.75
POD 1 8.53 [4.07–16.43] 7.07 [4.15–16.67] 0.77

IL-10 (pg/mL)
After induction 2.14 [0.58–4.23] 2.50 [0.00–4.85] 0.84
End of surgery 16.34 [7.45–34.21] 16.14 [5.79–32.65] 0.62
POD 1 2.98 [1.07–5.44] 2.37 [0.44–5.22] 0.65

CRP (mg/dL)
After induction 0.05 [0.03–0.10] 0.05 [0.03–0.11] 0.76
POD 1 0.68 [0.42–1.33] 0.52 [0.28–1.06] 0.38

Values are presented as median [IQR]. TNF-α, tumor necrosis factor-alpha; IL-6, interleukin-6; IL-10, interleukin-10;
CRP, C-reactive protein; POD, postoperative day.

Moreover, intergroup differences in change in TNF-α, IL-6, and IL-10 from base-
line was not significant over time (Pgroup × time = 0.69, Pgroup × time = 0.80, and
Pgroup × time = 0.16, respectively).

3.4. Vital Signs during Anesthesia and Surgery

During surgery, heart rate maintained lower in the dexmedetomidine group (Figure 3).

Figure 3. Cont.
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Figure 3. Hemodynamic changes during anesthesia and surgery. MAP (A), mean arterial pressure;
HR (B), heart rate; BIS (C), bispectral index. Data are expressed as mean ± standard deviation. T0,
baseline; T1, before endotracheal intubation; T2, surgical incision; T3, 10 min after CO2 insufflation;
T4, end of surgery; T5, after extubation. * p < 0.05 compared with two groups. # Bonferroni-adjusted
p < 0.05 compared with T0.

Moreover, intergroup differences in change in heart rate from baseline were also
significant over time (Pgroup × time < 0.001). At the end of surgery and after extubation,
the mean arterial pressure (MAP) was lower in the dexmedetomidine group than in the
control group. However, intergroup differences in change in MAP from baseline were not
statistically significant over time (Pgroup × time = 0.06). BIS value was similar during the
surgery, except for the timing of surgical incision, and intergroup differences in change in
BIS from baseline were significant over time (Pgroup × time = 0.04).

4. Discussion

This study demonstrated that intraoperative infusion of dexmedetomidine 0.4 μg/kg/h
could reduce pain up to 24 h postoperatively after surgery and reduce fentanyl requirement
in the PACU but did not reduce the postoperative inflammatory responses presented by
cytokines and CRP. This is the first randomized, double-blind study to investigate the anal-
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gesic and anti-inflammatory effects of continuous infusion of low-dose dexmedetomidine
without a loading dose during laparoscopic hysterectomy.

Dexmedetomidine appears to exert an analgesic effect by activating α2A and α2C
receptors at the level of the spinal cord and other supraspinal sites [15]. In addition,
dexmedetomidine induces sedation by decreasing the activity of noradrenergic neurons
in the locus ceruleus in the brain stem, thereby increasing the downstream activity of
inhibitory gamma-aminobutyric acid neurons in the ventrolateral preoptic nucleus [16,17].

Dexmedetomidine was reported to reduce postoperative pain and opioid consumption
after general anesthesia in many surgeries [18]. Although the elimination half-life of
dexmedetomidine is approximately 2 h [19], previous studies showed a longer analgesic
effect [9,20]. This is consistent with our results, showing that the use of fentanyl rescue
in the PACU and pain scores up to 24 h post-surgery were significantly lower in the
dexmedetomidine group than in the control group.

Surgery may produce traumatic stress responses and immune dysfunctions [21]. Re-
cently, the anti-inflammatory effect of dexmedetomidine has been further emphasized, and
this anti-inflammatory effect is due to the reduction in the endotoxin-induced inflamma-
tory response and the inhibition of an increase in TNF-α, IL-6, and neutrophil levels [8].
Immune cells secret many cytokines with immunomodulatory effects, among which IL-6
is a key cytokine in the acute phase response. Plasma levels of IL-6 are related to the
severity of surgical injury [22], which modulates cellular immunity by strengthening the
innate immune system and protecting tissues from damage [23]. Moreover, IL-6 promotes
CRP synthesis in the liver, which is most often measured as an active phase protein of
inflammation and is stimulated by TNF-α [24]. IL-10 is one of the main anti-inflammatory
cytokines that inhibit IL-6 synthesis and antagonize inflammatory cytokines [25]. Studies
on the anti-inflammatory effect of dexmedetomidine infusion without a loading dose were
recently reported. In an earlier study, dexmedetomidine infusion of 0.5 μg/kg/h during
major spinal surgery under general anesthesia with propofol and fentanyl did not reduce
the elevated levels of CRP and IL-6 at POD1 compared to baseline [26]. This was consistent
with our result. This study investigated the changes in inflammatory cytokines induced by
intraoperative dexmedetomidine infusion at 0.4 μg/kg/h during laparoscopic hysterec-
tomy and demonstrated that dexmedetomidine did not reduce the increase in IL-6 and
CRP levels in POD1.

In contrast, dexmedetomidine infusion of 0.3 μg/kg/h was shown to reduce the in-
creases in IL-6 and TNF-α levels during myocardial surgery under mini-cardiopulmonary
bypass using propofol and sufentanil [27]. Moreover, dexmedetomidine infusion of
0.5 μg/kg/h during thoracoscopy with one-lung ventilation under sevoflurane anesthesia
reduced the increase in IL-6 levels at POD1 [28]. The difference in the anti-inflammatory
effect of dexmedetomidine may be due to the differences in the type of surgery-related
inflammatory responses and differences in the total doses of dexmedetomidine adminis-
tered during surgery. Laparoscopic procedures are less invasive, so the possibility of a large
release of inflammatory mediators that is influenced by dexmedetomidine is quite remote.
In this study, the IL-6 increase after laparoscopic hysterectomy in the control group was
approximately 1/10 less than that after myocardial surgery or one-lung ventilation [27,28].
In addition, due to the short operation time of laparoscopic hysterectomy, the total dose
of dexmedetomidine in this study was approximately half that of other previous stud-
ies [27,28]. In this study, dexmedetomidine of 0.4 μg/kg/h was infused after anesthesia
induction to the end of pneumoperitoneum. When the concentration of dexmedetomidine
was calculated later on using a simulation program (Asan Pump, version2.1.5; Bionet Co.,
Ltd., Seoul, South Korea) with Dyck kinetics [29], the expected concentration in this study
was 0.31 ± 0.10 ng/mL at the end of pneumoperitoneum, which might not be sufficient to
induce the significant anti-inflammatory effect on an already not significant inflammation.

According to the dosing regimen, dexmedetomidine administered continuously at a
dose of 0.2–1 μg/kg/h after a loading dose of 0.5–1 μg/kg for 10 min, which is temporary,
may cause hemodynamic changes, such as bradycardia and hypotension [9]. According to
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a previous case report, in patients with an anterior fascicular block on electrocardiogram,
asystole was observed following sudden bradycardia after 2 min with a loading dose
and then was resuscitated and recovered without sequelae [10]. Regarding severe side
effects, including high-degree atrioventricular block, severe hypotension, and bradycardia,
we used dexmedetomidine infusion without a loading dose. We did not observe these
severe side effects, but several patients experienced bradycardia and hypotension in the
dexmedetomidine group at the PACU. Our patients with bradycardia and hypotension
were not severe and recovered soon with atropine 0.5 mg or ephedrine 6–8 mg.

This study has some limitations. First, 48 patients per group were calculated when
we planned this study, but 41 and 47 patients completed, respectively. The dropout rate
was differential, and differential attrition is known to introduce bias, particularly when the
sample size was not achieved. We should have made a dropout rate of 20% not to create
bias [30]. Therefore, our results might be mere speculations of this inadequate sample size.
Second, we used fentanyl during the surgery. Since opioids have an immunosuppressive
effect [31], they might have affected the inflammatory responses in this study. However,
the dose of fentanyl during the surgery was similar between the two groups, and its effect
is likely to be minimal in this study. Third, dexamethasone is one of the most commonly
used antiemetic agents [32], and we used dexamethasone to prevent PONV. Synthetic
glucocorticoids, including dexamethasone, have anti-inflammatory effects on the immune
system [33]. In a previous randomized trial of gynecologic laparoscopy, dexamethasone of
4 mg attenuated inflammation up to 24 h after surgery, which was visualized as an attenu-
ated increase in CRP concentration [34]. Thus, in this study, the anti-inflammatory effect of
dexamethasone might have attenuated the difference in inflammatory responses between
the two groups. Fourth, we were concerned about the side effects of the dexmedetomidine
loading dose, so we compared only the continuous infusion group without loading and
the placebo group: this was also the purpose of our study. However, if the loading dose
followed by infusion group was also included, it would have been helpful to clarify the
anti-inflammatory effect and analgesic effect of dexmedetomidine.

5. Conclusions

Intraoperative infusion of dexmedetomidine 0.4 μg/kg/h could reduce pain up to
24 h postoperatively after surgery and reduce fentanyl requirement in the PACU but did
not reduce the postoperative inflammatory responses presented by cytokines and CRP.
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Abstract: Perioperative cerebral hypoperfusion/ischemia is considered to play a pivotal role in
the development of secondary traumatic brain injury (TBI). This prospective randomized, double-
blind, controlled study investigated whether magnesium sulfate (MgSO4) infusion was associated
with neuroprotection in maintaining regional cerebral oxygen saturation (rSO2) values in patients
with mild TBI undergoing general anesthesia. Immediately after intubation, we randomly assigned
patients with TBI to receive either intravenous MgSO4 (30 mg/kg for 10 min, followed by a continuous
infusion of 15 mg/kg/h) or a placebo (saline) during surgery. We also implemented an intervention
protocol for a sudden desaturation exceeding 20% of the initial baseline rSO2. The intraoperative rSO2

values were similar with respect to the median (left. 67% vs. 66%, respectively; p = 0.654), lowest, and
highest rSO2 in both groups. The incidence (left 31.2% vs. 24.3%; p = 0.521) and duration (left 2.6% vs.
3.5%; p = 0.638) of cerebral desaturations (the relative decline in rSO2 < 80% of the baseline value)
were also similar for both groups. Although the patients suffered serious traumatic injuries, all critical
desaturation events were restored (100%) following stringent adherence to the intervention protocol.
Intraoperative remifentanil consumption, postoperative pain intensity, and fentanyl consumption
at 6 h were lower in the MgSO4 group (p = 0.024, 0.017, and 0.041, respectively) compared to the
control group, whereas the satisfaction score was higher in the MgSO4 group (p = 0.007). The rSO2

did not respond to intraoperative MgSO4 in mild TBI. Nevertheless, MgSO4 helped the postoperative
pain intensity, reduce the amount of intraoperative and postoperative analgesics administered, and
heighten the satisfaction score.

Keywords: magnesium; multiple trauma; spectroscopy; near-infrared; cerebral oxygen saturation;
neuroprotection; traumatic brain injury; analgesia; opioid consumption

1. Introduction

Traumatic brain injury (TBI) is characterized by a variety of pathophysiological
changes that occur immediately after trauma [1,2]. Moreover, secondary insult can cause
irreversible changes in the brain, resulting in persistent injury-related difficulties and
disabilities, even in mild TBI [3]. Surgery and anesthesia may subject the injured brain
to secondary injuries as a result of inadequate cerebral oxygenation, changes in cerebral
blood flow (hypoperfusion and hyperperfusion), impaired cerebrovascular autoregulation,
cerebral metabolic dysfunction, and increased intracranial pressure; thus, the perioperative
period is particularly important in the course of TBI management [1,4]. Given the complex-
ity and dynamics of these changes, rapid diagnosis and vigilant neuromonitoring form the
core principles of TBI management [5,6].
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Perioperative magnesium sulfate (MgSO4), an N-methyl-D-aspartate receptor an-
tagonist, is known to decrease pain and/or anesthetic/analgesic use, though its exact
mechanism of action is unknown [7–9]. Magnesium is known to participate in vasodilation,
hemostasis, and blood–brain barrier preservation and may also function as a potential
neuroprotectant in acute stroke and brain hemorrhage [10,11]. Although one Cochrane
systematic review found no evidence to support the use of magnesium salts in patients
with acute TBI [12], subsequent evidence has emerged that magnesium plays a central role
in the pathophysiology of TBI. Magnesium can protect neurons from ischemic damage and
support neuronal survival following TBI through diverse mechanisms, such as through a
cofactor of cellular energy metabolism and protein synthesis, as a potent calcium channel
blocker [13], and via involvement in the mitigation of the cellular changes owing to global
ischemia during trauma, suppression of cortical spreading depression, and relaxation of
vascular smooth muscle, thereby possibly increasing cerebral blood flow [14]. One animal
head injury model demonstrated that hypomagnesemia is associated with poor neurologic
outcomes and increased mortality [15], whereas restoring magnesium levels reduces brain
edema and enhances neurological and cognitive outcomes [16]. A recent clinical study
found that magnesium was associated with a lower increase in hematoma volume and
improved patient outcomes after intracerebral hemorrhage [17].

Near-infrared spectroscopy (NIRS) is a continuous, non-invasive method that facili-
tates the measurement of the regional cerebral oxygen saturation (rSO2). NIRS has been
shown to reflect the cerebral mixed venous oxygen saturation. It is a useful modality for
monitoring the balance of cerebral oxygen supply and demand during surgery with a high
risk of cerebrovascular complications [2,18]. As patients subjected to multiple traumas
present with mild to severe TBIs, NIRS can be used to assess the cerebral oxygenation
status, guide its optimization, and predict the prognosis of brain function in these patients.

We hypothesized that the intraoperative administration of MgSO4 may be related to
the prevention of deleterious secondary events in patients with TBI, as evidenced by rSO2
value changes. We also implemented an intervention protocol to hinder or restore cerebral
desaturation. Therefore, we conducted this prospective, randomized double-blinded study
to measure the hitherto uninvestigated brain oxygenation/desaturation state using NIRS in
TBI patients under general anesthesia, while simultaneously evaluating the neuroprotective
effects of MgSO4. As secondary outcomes, we expected MgSO4 to alleviate the pain felt
after multiple trauma surgery and reduce perioperative analgesic consumption.

2. Materials and Methods

2.1. Study

This study was approved by the institutional review board of Ajou University Hospital
(IRB No. AJIRB-MED-CT4-19-377), Suwon, Korea, on 1 November 2019, and registered at
cris.nih.go.kr (Date of registration 4 June 2020, Registration No. KCT0005091). All patients
provided written informed consent before surgery.

2.2. Patients

Eighty patients who were admitted to a tertiary academic medical and level-1 trauma
center were enrolled in this prospective randomized study. The inclusion criteria were
as follows: patients who experienced TBI within the last month, undergoing traumatic
orthopedic surgery under general anesthesia, receiving or not receiving supplemental
oxygen due to various lung injuries in the ward or intensive care unit, aged between
20 and 70 years, with a BMI between 18 and 35 kg/m2, and with an American Society
of Anesthesiologists physical status of I, II, or III. The exclusion criteria for the study
were patients with end-stage renal failure, atrioventricular block, or neurological disorder;
already intubated patients for whom extubation was not possible after surgery; those
diagnosed with a psychiatric disorder or drug or alcohol addiction; patients with previous
history of stroke or brain surgery; those who refused to participate in the study; and
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patients with cognitive impairments or any other physical or mental illness that rendered
them unable to provide a pain score.

2.3. Anesthesia and Monitoring

No premedication was administered before the administration of general anesthesia.
Standard monitoring was established using electrocardiography, non-invasive blood pres-
sure measurement, peripheral oxygen saturation, and a bispectral index sensor (BIS, A-2000
BIS™ monitor; Aspect® Medical Systems Inc., Norwood, MA, USA) before the induction of
anesthesia. Bilateral NIRS sensors (INVOS 5100; Covidien, Dublin, Ireland) were placed
above the eyebrow on either side of the forehead, i.e., left (rSO2 L) and right (rSO2 R), to
monitor the rSO2. Baseline rSO2 was measured for more than 1 min in the supine position
without any medication before anesthesia, and the measurement was continued until the
patient was transferred to the intensive care unit. Some patients received supplemental
oxygen through various methods, depending on their condition, and the baseline rSO2
values were measured while maintaining the oxygen supplementation during transfer
from the intensive care unit to the operating room. The intraoperative fraction of inspired
oxygen (FiO2) was maintained at 0.5, and the minimal and maximal values of rSO2 and the
maximal degree of desaturation were also recorded.

Anesthesia was induced by a continuous infusion of remifentanil via a target-controlled
infusion pump (Orchestra®, Fresenius vial, Brezins, France) (2–4 μg/mL) and propofol
1.5–2.5 mg/kg. Rocuronium 0.6 mg/kg was administered to facilitate tracheal intubation
after ensuring loss of consciousness. After intubation, the patients were administered either
MgSO4 or saline according to a randomization list given to the blinded anesthesiologist: the
Mg group received MgSO4 30 mg/kg intravenously for 10 min, followed by a continuous
infusion of 15 mg/kg/h during surgery, whereas the control group received the same vol-
ume of isotonic saline. This bolus dose, which was 60% of that of previous studies [8,9], was
intended to prevent potential hemodynamic instability induced by rapid administration of
a high dose of magnesium to patients with acute and severe traumatic injuries. Thereafter,
anesthesia was maintained with sevoflurane, whose concentration was adjusted depending
on the BIS value. The target concentration of remifentanil was adjusted to maintain arterial
pressure and heart rate within 20% of the preoperative values. Controlled ventilation was
adjusted to an end-tidal CO2 level of 4.0–4.7 kPa.

We endeavored to prevent the incidence of hypotension (mean blood pressure >
65 mmHg), anemia (hemoglobin > 7 g/dL), hypoxemia (arterial partial pressure of oxy-
gen >100 mmHg), and hypothermia (core temperature > 35.5 ◦C) during surgery. After
the return of the fourth twitch of the train-of-four response, glycopyrrolate 0.01 mg/kg
and neostigmine 0.03 mg/kg were administered. The patient was extubated in the op-
erating room when the train-of-four ratio recovered to ≥0.90 and was transferred to the
postanesthetic care unit or the trauma intensive care unit.

2.4. Intervention Protocol

For all patients using rSO2, we had a strict intervention protocol for the occurrence
of desaturation. We ensured that there was no external compression of the INVOS-NIRS
electrodes during recording. After establishing the baseline value for each side, rSO2
changes during the duration of anesthesia were recorded. There were no changes in
the degree of head tilt or rotation during the procedure. A sudden fall in rSO2 value
exceeding 20% of the initial baseline value was designated as critical. In the event of a
critical decrease in rSO2, the neck position was first checked to eliminate the possibility of
external compression. The second step involved increasing the blood pressure, inspired
concentration of FiO2, and end-tidal CO2 to approximately 40 mmHg and optimization of
the preload using a mini-fluid bolus challenge of 100 mL [18,19]. Finally, if all interventions
failed to restore the rSO2 value above 80% of the baseline value, a transfusion of red blood
cells was considered at hemoglobin levels of 8–9 g/dL.
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2.5. Assessment of Outcomes

The primary outcome was cerebral oximetry measurements at baseline and throughout
surgery. The frequency and duration of cerebral desaturation was also reviewed. Postoper-
ative pain was evaluated by a blinded investigator, who questioned patients about their
pain using a numeric rating scale, which ranged from 0 (free of pain) to 10 (worst pain
imaginable), at 6, 24, and 48 h after surgery. The cumulative consumption of analgesics via
patient-controlled analgesia and rescue analgesics was recorded at each time point. The
incidence of postoperative nausea and vomiting, use of rescue antiemetics, and the patients’
overall satisfaction score (subjective assessment of the patient, numeric rating scale = 10,
was indicative of “very satisfied”) were recorded by a blinded investigator. The preparation
and administration of parenteral drugs and the collection and measurement of data were
performed by doctors and nurses who were blinded to the study group.

2.6. Sample Size Calculation

The sample size was determined based on the results of a previous study [8]. Baseline
rSO2 was 52.8 ± 11.5 (%) in cardiac surgery for the control group, and an increase of 15% in
rSO2 was considered clinically significant. The calculated sample size was 70 with an alpha
error of 0.05 and power of 80%. The required sample size was established to be 80 patients,
accounting for a 15% attrition rate.

2.7. Statistical Analysis

The results are presented as absolute values, means (SD), frequencies (percentages),
or medians (IQR) after assessing the normality of the distribution using the Kolmogorov–
Smirnov test. Continuous data were compared using the Student’s t-test, Mann–Whitney
U test, ANOVA, or the Kruskal–Wallis test with post hoc analysis, wherever appropriate.
The incidence data were compared using the X2 test or Fisher’s exact test, according to the
expected counts. The changes between the time points within each group were compared
using repeated-measures ANOVA. All statistical analyses were performed using SPSS
software (version 25.0; SPSS Inc., Chicago, IL, USA), and the significance level was set to
0.05 for all tests.

3. Results

Eighty patients were initially assessed for eligibility for inclusion in this study. Eleven
patients were excluded from the final analysis for the following reasons: one patient from
the Mg group declined to participate; another from the Mg group experienced a massive
bleeding event early during surgery; data recording errors occurred in two patients from
the Mg group; one patient from the control group had concomitant panperitonitis requiring
another urgent surgery; and the operative time exceeded 5 h in four and two patients
from the Mg and control groups, respectively (Figure 1). The remaining 69 patients were
included in the analysis.

The demographic and surgical factors of the 69 patients are provided in Table 1. Road
traffic accidents were the cause of trauma in a large portion of the study population. The
average interval between injury and current surgery was approximately 5 days in both
groups. The preoperative magnesium levels at admission were similar for both groups.
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Figure 1. CONSORT diagram.

The most common TBI symptoms included loss of consciousness, headache, and
somnolence. The severity of TBI was mild in all cases (Table 2). Common findings on
brain computed tomography were subarachnoid hemorrhage, subdural hemorrhage, and
scalp swelling. In more than half of the patients, no evidence of trauma-related intracranial
hemorrhage or skull fracture was found. The Glasgow Coma Scale score at the time of
arrival to the trauma bay, exit from the trauma bay, and immediately before surgery (Mg
group, 14.97 vs. control group, 14.92) were similar for both groups. On the contrary, the
injury itself was severe in both groups according to Injury Severity Score (ISS, 21.2 vs. 22.0).
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Table 1. Baseline characteristics of patients and perioperative data assigned to magnesium or the
control group.

Magnesium Group (n = 32) Control Group (n = 37) p Value

Sex (Male/Female) 25/7 32/5 0.361
Age (year) 49.5 ± 15.2 50.1 ± 14.9 0.879

Height (cm) 168.5 ± 7.2 167.9 ± 8.1 0.749
Weight (kg) 71.9 ± 11.6 69.9 ± 11.4 0.479

ASA (I/II/III) 3/18/11 3/28/6 0.211
Mechanism of Injury, n (%) 0.642

Fall 11 (34.4%) 11 (29.7%)
Transportation accident 20 (62.5%) 26 (70.3%)

Explosion 1 (3.1%) 0 (0%)

Days after injury (days) (range) 4.5 ± 3.7
(6 h–13 day)

5.1 ± 4.7
(6 h–21 day) 0.569

Surgery, Orthopedic 0.315
Upper extremity 11 (34.4%) 9 (24.3%)
Lower extremity 12 (37.5%) 15 (40.5%)

Hip 4 (12.5%) 4 (10.8%)
Other parts 4 (12.5%) 6 (16.2%)

Combined op 1 (3.1%) 3 (8.1%)
Magnesium at admission

(normal range: 1.6–2.6) (mg/dL) 1.96 ± 0.41 2.03 ± 0.20 0.361

Duration of surgery (min) 81.1 ± 43.0 99.6 ± 63.3 0.167
Duration of anesthesia (min) 126.4 ± 49.0 143.1 ± 66.7 0.247

Aldrete score * 10 (n = 20) 10 (n = 25)
PACU stay time (min) * 34.6 ± 7.7 (n = 20) 37.8 ± 9.9 (n = 25) 0.239

ASA, American Society of Anesthesiologists; PACU, post-anesthesia care unit. Values are number (proportion) or
mean ± SD. * only those who have been transferred to PACU after surgery.

Regarding the primary outcome measures, the cerebral oximetry measurements, in-
cluding the baseline (left 67.0 ± 7.8% vs. 66.1 ± 8.0%; p = 0.654), lowest and highest
intraoperative rSO2 values, were similar for both groups (Figure 2, online Supplementary
Material Table S1). The absolute rSO2 values when FiO2 was elevated, which occurred at
the time of magnesium bolus administration and at extubation, were found to be signifi-
cantly greater than the baseline rSO2 values (Figure 2a). However, there was no difference
between the baseline values and those obtained at other time points. The incidence of
rSO2 < 20% (critical events) and that between 20% and 10% were similar in both groups
(Figure 2b, left p = 0.521 and p = 0.265, respectively). The duration of these cerebral de-
saturation percentages did not differ between the groups (Figure 2c, left p = 0.638 and
p = 0.675, respectively). In the subgroup analysis performed according to whether or not
oxygen was administered, the rSO2 values were not different within each group. The
critical desaturation events were reversible in all cases due to stringent adherence to the
intervention protocol. Red blood cells were similarly transfused between the groups and
independently of the rSO2 intervention protocol.

The amount of remifentanil infused during surgery was significantly lower in the
Mg group (221.1 ± 148.4 mcg vs. 314.6 ± 181.9, p = 0.024) than in the control group. The
magnesium level at the end of the surgery in the Mg group was higher, and its value ap-
proximated the upper limit of the normal range (2.68 ± 0.32 mg/dL vs. 1.95 ± 0.22 mg/dL,
p = 0.000). The amount of phenylephrine, total duration of hospitalization, and physical
activity at discharge were similar between the groups (online Supplementary Material
Table S2).

The pain intensity was lower and satisfaction scores were higher in the Mg group
during the first 6 h postoperatively than in the control group (p = 0.017 and 0.007, re-
spectively) (Table 3). Cumulative fentanyl-equivalent consumption (including fentanyl
patient-controlled analgesia, fentanyl rescue and tramadol) (191.6 ± 143.6 vs. 280.9 ± 201.6,
p = 0.041) was lower in the Mg group 6 h postoperatively.
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Table 2. Traumatic brain injury aspects preoperatively.

Magnesium Group (n = 32) Control Group (n = 37) p Value

TBI, Symptom, n (%)
Loss of consciousness at the time of

injury 24 (75.0%) 33 (89.2%) 0.121

Headache 6 (18.8%) 8 (21.6%) 0.767
Dizziness 3 (9.4%) 6 (16.2%) 0.489

Nausea/vomiting 5 (15.6%) 5 (13.5%) 0.804
Memory impairment 5 (15.6%) 6 (16.2%) 0.947

Sleeping tendency 10 (31.3%) 13 (35.1%) 0.733
TBI, Severity, n (%) immediately before

surgery
Mild (GCS 15/14) 31/1 34/3 0.618

Moderate 0 0
Severe 0 0

Brain CT, n (%) *
Subarachnoid hemorrhage 8 (25.0%) 5 (13.5%) 0.224

Subdural hemorrhage 6 (18.8%) 4 (10.8%) 0.350
Epidural hemorrhage 4 (12.5%) 2 (5.4%) 0.349

Intracerebral hemorrhage 0 (0%) 1 (2.7%) 0.279
Cerebral Contusion 2 (6.3%) 4 (10.8%) 0.503

Skull fracture 7 (21.9%) 3 (8.1%) 0.105
Scalp/soft tissue swelling 8 (25.0%) 14 (37.8%) 0.254

Midline shift > 5 mm, n (%) 0 0
The others 4 (12.5%) 3 (8.1%) 0.547

No intracranial hemorrhage or bony skull
fracture 16 (50.5%) 17 (51.5%) 0.737

TBI site
(Left/Right/Both/non-specific/none) (3/9/4/0/16) (4/4/4/8/17)

Preoperative antiepileptic prescription 10 (31.3%) 6 (16.2%) 0.140
GCS at the time of entering trauma-bay 14.16 ± 2.02 14.62 ± 0.83 0.210

15/14/13–11/less than 11, n 24/6/1/1 21/11/4/1
GCS at the time of leaving trauma-bay 14.62 ± 0.73 14.74 ± 0.56 0.451

15/14/13–11/less than 11, n 26/3/0/3 23/8/4/2
Invasive ICP monitoring, n 0 0

Evacuation of brain mass lesion, n 0 0
ISS score

Median (range, IQR) 22 (5–43, 17–23) 19 (9–43, 17–22)
Mean ± SD 21.2 ± 6.7 22.0 ± 9.3 0.691

TBI, traumatic brain injury; GCS, Glasgow Coma Scale; CT, computed tomography; ICP, intracranial pressure; ISS,
injury severity score; IQR, interquartile range. Values are number (proportion) or mean ± SD. * Allow duplicate
counts because of concurrent brain injuries identified by CT scan.

There was no difference between the frequency and dose of analgesics (fentanyl rescue,
acetaminophen, tramadol, and nefopam) administered after surgery between the groups;
however, the frequency of nonsteroidal anti-inflammatory drug use was lower in the Mg
group at 6 h postoperatively. There was no difference in the incidence of postoperative
nausea and vomiting and the use of rescue antiemetics between the groups (28% vs. 32%,
p = 0.698). The initial and intraoperative hemodynamic variables did not differ between the
groups (online Supplementary Material Table S3). No magnesium-related untoward side
effects, such as bradycardia, electrocardiographic changes, respiratory depression, delayed
reversal of the neuromuscular blockade, or delayed discharge from the post-anesthesia care
unit, were reported.
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Figure 2. Representative values of regional cerebral oxygen saturation (rSO2) in the operating room.
(a) Time trend of rSO2. T0: baseline at admission to operating room (OR), T1: Mg bolus administration,
T2: Mg continuous infusion, T3–T6: 10, 20, 30, 40 min after Mg infusion, T7: end of surgery, T8:
leaving the OR. • Left � Right • Magnesium � control. (b) Incidence of percentage decreases in
rSO2 (%), below or equal to minus 20% and below or equal to 10% to less than 20% relative to each
baseline value. (c) Duration of percentage decreases in rSO2 (%). The inner circle is the Magnesium
group. The outer circle is the Control group. * p < 0.05 from baseline value in Magnesium (Mg) group,
† p < 0.05 from baseline value in control group.
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Table 3. Postoperative analgesic consumption and pain scores during the first 48 h after surgery.

Magnesium Group (n = 32) Control Group (n = 37) p Value

PCA fentanyl consumption n = 17 (53.1%) n = 24 (64.9%) 0.322
postoperative 6 h (mcg) 201.9 ± 134.1 * 302.8 ± 140.4 0.026
postoperative 24 h (mcg) 574.7 ± 380.7 598.6 ± 264.9 0.814
postoperative 48 h (mcg) 762.8 ± 464.4 853.8 ± 357.4 0.482

Fentanyl bolus iv until 6 h
postoperatively (mcg)

n = 12 (37.5%)
75.0 ± 26.1

n = 11 (29.7%)
95.8 ± 54.2

0.495
0.243

Nefopam consumption n = 23 (71.9%) n = 31 (83.8%) 0.232
postoperative 6 h (mg) 21.6 ± 2.3 21.9 ± 2.5 0.700
postoperative 24 h (mg) 70.6 ± 8.5 71.9 ± 5.4 0.519
postoperative 48 h (mg) 86.2 ± 23.6 93.4 ± 8.1 0.137

NSAIDs use, number (%)
postoperative 6 h 5 (15.6%) * 14 (37.8%) 0.039

postoperative 24 h 6 (18.8%) 8 (21.6%) 0.767
postoperative 48 h 8 (25.0%) 6 (16.2%) 0.366

Tramadol consumption n = 29 (90.6%) n = 36 (97.3%) 0.330
postoperative 6 h (mg) 56.3 ± 50.4 49.3 ± 47.3 0.558

postoperative 24 h (mg) 120.3 ± 71.9 104.1 ± 76.7 0.370
postoperative 48 h (mg) 116.4 ± 65.6 127.0 ± 74.9 0.536

Pain scores (NRS)
postoperative 6 h 6.8 ± 2.8 * 8.2 ± 2.0 0.017
postoperative 24 h 5.1 ± 2.5 5.4 ± 2.3 0.660
postoperative 48 h 3.3 ± 2.2 3.2 ± 2.6 0.839

Satisfaction scores (NRS)
postoperative 6 h 66.1 ± 28.9 * 47.1 ± 27.6 0.007
postoperative 24 h 71.8 ± 21.1 65.7 ± 20.6 0.226
postoperative 48 h 78.3 ± 21.3 73.4 ± 24.6 0.389

PCA, patient-controlled analgesia; NSAIDs, nonsteroidal anti-inflammatory drugs; NRS, numeric rating scale.
Values are mean ± SD. * p < 0.05 = between groups.

4. Discussion

This prospective randomized, double-blind controlled study investigated the relation-
ship between the intraoperative administration of MgSO4 and the changes in the rSO2
values in patients with TBI. It revealed no association in both the absolute rSO2 values and
the incidence and duration of the relative decrease in the rSO2 values < 80% of baseline.
After strict compliance to our intervention protocol, critical desaturation events in all cases
were restored. Remifentanil consumption was significantly lower in the Mg group than
in the control group. The pain intensity and fentanyl consumption were lower during the
first 6 h postoperatively, and the satisfaction score was higher in the Mg group.

Preventive measures addressing brain protection in TBI deserve a high priority to
alleviate additional harm. Subsequent injuries can be incurred, especially when patients
with TBI are required to undergo major surgery under general anesthesia as a result of
hypotension, hypoxemia, hypo- or hypercarbia, fever, and hypo- or hyperglycemia [1,4].
This secondary brain injury contributes to the increase in healthcare costs, prolonged
hospitalization, poor functional outcomes, increased postoperative complications, and even
mortality [3,20].

Although the exact pathophysiology of secondary TBI is unclear, decreased cerebral
perfusion and oxygenation are closely related mechanisms [1]. Cerebral oxygenation is
well known as a potentially modifiable risk factor for TBI, and if insufficient cerebral
oxygenation can be accurately and timely detected, it can be improved through adap-
tation/correction of the relevant variables [5,19,21]. Therefore, NIRS can be a practical
option for perioperative rSO2 monitoring, as it provides an opportunity for the early detec-
tion of cerebral oxygen supply/demand imbalance. Recent studies detailed the potential
therapeutic roles of MgSO4 in vasodilation, hemostasis, blood–brain barrier preservation,
and direct neuroprotection [12,22,23]. Hypomagnesemia in TBI is associated with poorer
outcomes [15,24]. MgSO4 can reliably confer cerebroprotective effects in animal models of
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TBI [11,15,25], though clinical studies have not shown consistent beneficial effects. There-
fore, the administration of magnesium to patients with TBI could theoretically help mitigate
secondary injury.

However, contrary to our expectations, no significant association was observed be-
tween the intraoperative changes in rSO2 and magnesium infusion in the current study.
The absolute degree of decline was similar in the two groups. Comparison of the relative
percentage decrease, which has greater clinical utility, also revealed that the incidence and
duration of rSO2 reduction below 80% of the baseline was not affected by magnesium
administration.

The potential causes for the current observation are as follows. First, our participants
had mild TBI; consequently, we found that the rSO2 levels did not fluctuate rapidly in
mild TBI as long as adequate brain tissue oxygenation and vascular hemostasis could be
maintained. We may expect different results if similar studies are conducted in patients
with moderate or severe TBI. Our initial rSO2 values were higher than those in patients
undergoing cardiac surgery with cardiopulmonary bypass, who have been studied exten-
sively in this regard. We observed desaturations greater than 10% from baseline in 50% of
patients, and greater than 20% from baseline in 30% of patients. In one study on cardiac
surgery, corresponding decrements occurred in 60% and 40% of patients, respectively [21].
The absolute baseline, maximal, and minimal values were also 8–10% higher in patients
with mild TBI than in patients undergoing cardiac surgery (online Supplementary Material
Table S1) [26]. Contrary to the severity of the patients’ injury (ISS 21.2 vs. 22.0, an ISS of
16–24 is considered severe, 25 and higher very severe), few patients showed markedly
low levels of baseline rSO2. Additionally, the predictive or diagnostic role of NIRS in
monitoring the progression or mitigation of TBI may not be relevant in the absence of
significant hemodynamic disturbances, i.e., in non-pulsatile perfusion.

Second, NIRS monitoring itself could have influenced the favorable outcomes in this
study. NIRS monitoring alone has been shown to be associated with the amelioration of
secondary brain injury [2,27]. We prospectively implemented an intervention protocol to
reverse cerebral desaturation in both groups [19,28], which prevented a potential deleterious
situation very early. Monitoring and applying the mandatory corrective intervention
protocol in our institution were effective in restoring cerebral oxygenation in all patients,
both of which could play powerful neuroprotective roles in this study. Third, the cerebral
oxygen saturation measured by NIRS does not reflect the cerebral oxygen utilization or
that cerebral hypoxia is not the principal driver of the TBI course. The influence of the
oxygenation of the extracerebral tissue cannot be excluded due to the technical limitations
of the non-invasive monitoring device [18]. Moreover, it is not possible to monitor multiple
brain regions using NIRS.

Fourth, the dose or duration of magnesium infusion could have been insufficient to
alter the course of TBI [9,14]. An adequate magnesium level at admission is an indicator
of neuroprotection [10,17], and our initial magnesium levels were not low at the time of
admission and immediately after surgery, even in the control group. While the dose of
magnesium required to reduce pain and anesthetic usage has been studied extensively
(30–50 mg/kg bolus), the respective doses required to improve microcirculation (through
vasodilation of the cerebral vascular beds) and reduce cerebral edema (by maintaining
and preserving blood–brain barrier permeability) need further investigation [29]. Fifth, the
incidence of hypotensive events was similar between the groups, which were appropriately
handled according to our management protocol. Abrupt changes in cerebral perfusion,
especially reperfusion following a hypoperfusion event, are considered to be factors associ-
ated with additional brain injury [30]. There was no association between rSO2 levels falling
below 80% of the baseline and hypotensive events in the current study. This indicates
that the transient changes in cerebral perfusion cannot be accurately reflected by rSO2
monitoring and highlights the importance of strict blood pressure management during
surgery in patients with TBI.
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The intensity of pain was substantially stronger in patients with multiple traumas in
the present study, than in those who underwent a single orthopedic surgery [31]. Particu-
larly, the patients identified very severe pain (8.2 in the numeric rating scale) at 6 h postop-
eratively in the control group, despite receiving patient-controlled analgesia and injections
of opioid and non-opioid rescue analgesics. Moderate pain continued in both groups until
24 h postoperatively. Consistent with our results, conventional opioid-based pain protocols
in surgical patients often remain suboptimal for pain control [32]. Furthermore, patients un-
dergoing major trauma surgery already experience pre-existing concurrent pain, including
in other parts of the body, making it more difficult to manage the acute pain added with the
current surgery [33]. Recently, multimodal pain management integrates the use of several
analgesic medications targeting a different pain-related receptor to maximize pain relief
and minimize adverse effects [34]. The mechanisms underlying the antinociceptive effects
of MgSO4 include the inhibition of calcium influx, antagonism of N-methyl-D-aspartate
(NMDA) receptors, and inhibition of enhanced ligand-induced NMDA signaling in hy-
pomagnesemia. This calcium channel blocker effect augments opioid-induced analgesia,
decreases total opioid consumption, and even attenuates central sensitization or delays
the development of opioid tolerance [7,35]. Thus, we demonstrated the representative
advantages of intraoperative MgSO4, which ameliorates pain and is capable of reducing
analgesic requirements, which remain consistent with many other previous studies [8,31].
Patient satisfaction increased with the gradual decrease in pain.

The present study is subject to the following limitations. First, baseline rSO2 was mea-
sured when the patient entered the operating room, regardless of supplemental oxygen to
some patients. Patients who experienced multiple traumas may receive oxygen depending
on their condition. The oxygenation state and initial rSO2 levels at the time of entering
the operating room are known to be associated with the prognosis regardless of oxygen
supplementation [36]. The rSO2 does not seem to deteriorate substantially if adequate oxy-
gen supply and proper management are performed, even in patients with hemodynamic
instability or respiratory distress. Second, we did not extend the rSO2 measurement to the
immediate postoperative period or intensive care unit stay, which might also be a potential
confounder of the observed results and subsequent prognosis. Third, we did not assess
cerebral injury using different parameters such as neurocognitive function and brain injury
serum biomarker release (e.g., S100B), which could have represented positive differences
between the groups. Invasive monitoring, such as intracranial pressure monitoring, was
not used for the comparison of the effect of MgSO4. Fourth, outpatient follow-up was
performed selectively only in a few patients because of the low severity of TBI. Therefore,
comparisons of postoperative functional outcomes, such as the Glasgow Outcome Score
and modified Rankin scale, were not possible between the groups.

This is the first study to investigate the relationship between MgSO4 infusion and
rSO2 in TBI, exploring the neuroprotective effect of MgSO4 on TBI with respect to its safety
and potential efficacy. Together, we expanded the applicability of NIRS and determined
the incidence and extent of cerebral desaturation in patients with TBI who were susceptible
to cerebral hypoxia. However, it was difficult to envision the brain environment or predict
outcomes via NIRS when there was substantial regional heterogeneity. Instead, we clearly
obtained the benefits of NIRS-based corrective interventions by sequentially restoring
cerebral desaturation and reaffirmed the analgesia-potentiating and opioid-sparing effects
of MgSO4.

5. Conclusions

In summary, continuous perioperative rSO2 monitoring with NIRS did not demon-
strate the diagnostic or clinical benefit of MgSO4 in patients with mild TBI undergoing
major orthopedic surgery. We suggest evaluating the role of rSO2 monitoring in patients
with various TBIs at risk of neurologic complications and assessing the benefits of NIRS-
based corrective interventions. Additionally, further studies are needed to extend our
findings of MgSO4 to cases of more severe TBI, to determine the effects of various doses
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and durations of MgSO4 aimed at optimizing cerebral oxygenation and intracranial physi-
ology, and to prevent or mitigate secondary injury. Even if negative results are obtained,
as in the present study, future research will be able to identify the benefits of reducing
analgesic consumption and pain relief through MgSO4 administration.
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Abstract: Introduction: The use of total intravenous anaesthesia (TIVA) has been well established as
an anaesthetic technique over the last few decades. Significant variation in practice exists however,
and volatile agents are still commonly used. This study aims to determine the motivations and
barriers for using TIVA over the use of volatile agents by analysing the opinion of several international
anaesthetists with specific expertise or interests. Methods and participants: The Delphi method
was used to gain the opinions of expert panellists with a range of anaesthetic subspecialty expertise.
Twenty-nine panellists were invited to complete three survey rounds containing statements regarding
the use of TIVA. Anonymised data were captured through the software REDCap and analysed for
consensus and prioritisation across statements. Starting with 12 statements, strong consensus was
defined as ≥75% agreement. Stability was assessed between rounds. Results: Strong consensus
was achieved for four statements regarding considerations for the use of TIVA. These statements
addressed whether TIVA is useful in paediatric anaesthesia, the importance of TIVA in reducing
the incidence of postoperative nausea and vomiting, its positive impact on the environment and
effect on patient physiology, such as airway and haemodynamic control. Conclusions: Using the

J. Clin. Med. 2022, 11, 3486. https://doi.org/10.3390/jcm11123486 https://www.mdpi.com/journal/jcm
119



J. Clin. Med. 2022, 11, 3486

Delphi method, this international consensus showed that cost, lack of familiarity or training and
the risk of delayed emergence are not considered obstacles to TIVA use. It appears, instead, that
the primary motivations for its adoption are the impact of TIVA on patient experience, especially in
paediatrics, and the benefit to the overall procedure outcome. The effect of TIVA on postoperative
nausea and vomiting and patient physiology, as well as improving its availability in paediatrics
were considered as priorities. We also identified areas where the debate remains open, generating
new research questions on geographical variation and the potential impact of local availability of
monitoring equipment.

Keywords: TIVA; total intravenous anaesthesia; volatile anaesthesia; anaesthetic techniques;
peri-operative anaesthesia

1. Introduction

The intravenous anaesthetic propofol has been widely used to induce general anaesthe-
sia since its introduction in the 1980s. However, what has divided clinical opinion across the
board is the use of intravenous agents for both induction and maintenance of anaesthesia,
in a technique called propofol-based total intravenous anaesthesia (TIVA) [1]. The literature
suggests several potential benefits for the use of TIVA over volatile agents. It is thought to
be more environmentally friendly as it reduces the production of waste anaesthetic gases
which is attributed to volatile anaesthesia [2,3]. TIVA may also be associated with a positive
effect on patient physiology, such as more stable haemodynamic conditions due to high
dose opiate analgesia, less reliance on airway to achieve hypnosis, as well as a reduction in
the incidence of post-operative nausea and vomiting [1,4,5]. Several studies also suggest
that TIVA may improve the overall survival in cancer patients [6–8]. However, arguments
against the use of TIVA may include a higher incidence of awareness and delayed emer-
gence from anaesthesia, especially in paediatric cases [9,10]. Nevertheless, popularity of
TIVA seems to be increasing [11–13]. Additionally, TIVA being a newer technique than
volatile anaesthesia, it may not be as widely popular, possibly leading to geographic vari-
ations in familiarity or training. Lastly, until recently, intravenous agents were generally
thought to be more expensive than older, widely used volatile anaesthetics [14]. It could be
argued, however, that by inherently considering volatile anaesthesia a cheaper technique,
volatile agents would be administered more liberally, increasing the cost overall. As a
result of these varying opinions on the adoption of TIVA in the anaesthetic arsenal, it is no
surprise that significant variations in practice exist regarding anaesthesia administration.

As outlined above, there is a wealth of information available regarding the potential
advantages and disadvantages of the use of TIVA over volatile agents. Most of these data,
however, do not differentiate any variations in practice from a subspecialty, geographical
or academic perspective. We formulated the hypothesis that by collecting expert opinions
from a variety of anaesthetic subspecialties across the world, we may be able to better
understand the motivations for the use of TIVA and whether global challenges or barriers
exist, which may result in lower popularity in its use.

2. Methods

2.1. Model

The Delphi method is a well-known process used for obtaining group consensus in
healthcare, as it encourages decision making and new ideas to be formed by whole group
feedback [15,16]. The method involves several rounds of anonymous questionnaires, where
after each round structured feedback and aggregated responses from previous rounds are
presented to panellists (Figure 1).
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Figure 1. Flowchart depicting the process of the Delphi method.

2.2. Panellist Recruitment

In order to obtain perspectives on anaesthetic techniques from a broad range of profes-
sional and geographical settings, an international panel of anaesthetists was recruited with
a range of subspecialty interests. All communication was carried out via email. We created
an email template outlining the project and explaining the requirements of prospective
panellists, and contacted a large number of specialists across the world, only including
individuals to the panellist list once they replied citing interest in their involvement. Whilst
assured that responses would be anonymous, participants were invited to be listed as
collaborators on a future publication, as an additional incentive for participation. Once
prospective panellists agreed to participate in the study, their email addresses were added
to the final participant list for survey distribution. In terms of the selection of individuals
to invite, we selected panellists by either identifying a key opinion leader in an anaesthetic
field (e.g., neuro-anaesthesia, obstetric anaesthesia, pain management) or by reaching out
to committees of international anaesthetic societies, including the European Association
of Cardiothoracic Anaesthesiology and Intensive Care (EACTAIC), European Society of
Anaesthesiology and Intensive Care (ESAIC), UK Society for Intravenous Anaesthesia
(SIVA) and European Society for Regional Anaesthesia and Pain Therapy (ESRA), request-
ing for an interested member to volunteer as panellist. Clinicians were contacted from
across all continents; however, the majority of specialists who responded and agreed to
participate in the project were European (79%), creating potential bias in terms of the
geographical popularity of TIVA use.

Anonymous demographic data were gathered from the panel during Round 1 to
determine location of practice and experience. This showed that twenty-one (72.4%)
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panellists practice in tertiary care centres, whereas eight (27.6%) are based in secondary
care. Furthermore, the average amount of anaesthetic practice was twenty years, with two
panellists possessing less than ten years of experience, thirteen possessing between ten
and twenty years of experience and fourteen possessing between twenty and fifty years of
experience. We hoped that this extensive collective knowledge would reveal interesting
opinions from the panel.

2.3. Statements

A list of twelve statements was formulated regarding the use, advantages and disad-
vantages of general use of TIVA as an anaesthetic technique. In order to formulate these
statements, the team conducted a review of the available scientific literature describing the
use of TIVA in a range of anaesthetic settings, whilst also attempting to collect evidence
of its possible benefits and disadvantages to its use. The search identified factors such as
practicality, environmental impact, physiological benefits, the availability of training and
knowledge of the technique and the usefulness of TIVA in subspecialties such as paediatric
anaesthesia and onco-anaesthesia (Appendix B). Once identified through the literature
search, these aspects of TIVA use were used as a basis on which to build the statements for
Round 1 of the survey.

For the consecutive survey rounds, statements were modified according to comments
offered by the panellists, facilitated through the addition of an open text box at the end of
each round. This was arranged to provide panellists with an opportunity to add suggestions
or opinions which could be agreed on to form consensus in the wider group.

2.4. Survey Design and Data Collection

Study data were collected and managed using REDCap electronic data capture tools
hosted at the University of Aberdeen [17,18]. REDCap (Research Electronic Data Capture)
is a secure, web-based application designed to support data capture for research studies,
providing: (1) an intuitive interface for validated data entry; (2) audit trails for tracking
data manipulation and export procedures; (3) automated export procedures for seamless
data downloads to common statistical packages; and (4) procedures for importing data
from external sources [19].

REDCap was also used for building the surveys themselves. Three surveys were
created: Round 1 proposed the initial 12 statements, each linked to a 5-level Likert scale of
agreement, ranging from “Not at all” to “Very much”. A free text box was included at the
end of the first survey, for panellists to add comments or suggestions on their experience
with using TIVA.

Round 2 contained the same statements as the first round, with the possibility to be
edited based on comments and additional statements made by panellists during round one.
Furthermore, during round two, each participant would be presented with their answer
to each statement during the previous round, as well as the aggregated responses and
percentage of agreement of other panellists to the statements.

Round 3, the final survey, saw the removal of statements which had not reached a
strong positive or negative consensus over the course of the two previous rounds: partici-
pants would be asked to rank the remaining statements, which had indeed reached strong
consensus, in terms of prioritisation or importance.

2.5. Data Analysis

Through the exportation of the results from REDCap, we analysed the overall con-
sensus for each statement by gathering the number of times participants had “agreed” or
“strongly agreed” to a statement, or inversely whether a majority “somewhat disagreed” or
“strongly disagreed”. The threshold for a strong consensus was established as ≥75%, and
the stability of each answer was determined as a change in agreement proportions of <10%
between each round.
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Prioritisation of statements in the final round was calculated as the proportion of
participants who had agreed on each statement to be a priority.

2.6. Ethical Review

All participants in this study were contacted directly via email and were only included
in the participant list once a clear affirmative response was received to the invitation
to participate.

As per the Medical Research Council and the NHS Health Research Authority, a
submission was made to determine whether this study required NHS Research Ethics
Committee (REC) review. A formal confirmation was obtained attesting that NHS REC
review would not be required for this project.

3. Results

3.1. Round 1

Twenty-nine out of thirty-one participants who originally agreed to take part in the
project completed the first survey round. Two panellists were unable to participate due
to local holidays. A breakdown of the panellists’ countries of provenience is shown in
Figure 2, and a full list of panellists’ anaesthetic fields of interest is shown in Appendix B.
Panellists stated their level of agreement with all twelve statements, which resulted in
three statements reaching strong consensus (Appendix B). Eighteen participants added
additional statements in the free text box regarding further challenges to the use of TIVA.
These comments primarily raised issues around the availability of TIVA equipment such as
pumps and monitoring, the practicality of the use of TIVA in terms of equipment and type
and length of surgery, as well as patient factors such as needle phobia (although rare) and a
history or family history of malignant hyperthermia.

 

Figure 2. This chart shows the range of countries from which panellists were recruited.

3.2. Round 2

All twenty-nine panellists who completed Round 1 also completed Round 2. The
second survey round saw the modification of four statements to incorporate the suggestions
that participants had provided during Round 1 (Appendix B). The altered statements were
proposed to the panellists with the inclusion of their answers from the previous round and
the aggregated responses of the other panellists. At the end of the second survey, the three
statements which had reached consensus after Round 1 remained stable (less than 10%
change in answers between the two rounds), and a fourth reached consensus following
the modification of the statement (Appendix B). An additional statement was identified
with the potential to reach consensus with further modifications suggested by some of the
panellists via email.
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3.3. Round 3

Twenty-eight out of twenty-nine panellists completed the third and final round. This
survey contained four statements with strong, stable consensus which participants were
asked to rank in terms of priority or importance (Figure 3). It also included one modified
statement for a final assessment of whether consensus could be reached (Appendix B).
The modified statement received a total of 74.1% agreement therefore not reaching strong
consensus, so its consequent prioritisation question was disregarded in the results. As
shown in Figure 3, panellists considered post-operative nausea and vomiting and the
availability of TIVA for paediatric anaesthesia as priorities. Next came the effects of TIVA
on intraoperative physiology, and the consideration of the environmental impact of TIVA
was prioritised last.

 

Figure 3. This graph shows the panellists’ prioritisation of the statements with a strong consensus.

4. Discussion

The results from this Delphi survey show that despite scientific evidence and consid-
erations regarding cost, familiarity and training, departmental preferences and even the
benefits for the environment, the decision to use TIVA is largely attributed to what is best
for the patient, both in terms of personal experience and physiological benefit.

It is interesting to note that participants did not collectively agree on the majority
of statements put to them, and only three found a strong consensus from Round 1. This
suggests that, at least sometimes, there may be a gap between the efficacy of an anaes-
thetic technique and its appropriateness, and that this appropriateness may depend on
various reasons.

Most participants agreed that the reduced environmental impact of TIVA was impor-
tant to them (Appendix A). There was also an immediate strong consensus on the fact that
TIVA is a useful technique in paediatric anaesthesia, and that one of its main benefits lies
in the reduced occurrence of nausea and vomiting postoperatively. This suggested early
on that patient experience plays a role in the decision to use TIVA. However, only half the
panellists considered the potential benefit of TIVA on cancer biology to be a significant
factor in deciding its use, which may be a result of subspecialty variation or a lack of
practical value.

Through feedback received in Round 1, it became clear that panellists considered prac-
ticality an important challenge for the use of TIVA: panellists were asked about practicalities
(or impracticalities) as a whole in order to garner opinions on a range of practical consider-
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ations. As a result, some panellists voiced concerns over the amount of additional work
involved when using TIVA if the procedure time is short, and the relative inconvenience of
having to change syringes. It was also suggested that the use of TIVA may be impacted
by lack of ready availability of drugs, equipment and technology such as target controlled
infusion (TCI) pumps and depth of anaesthesia monitoring equipment such as processed
encephalograms (pEEG), as well as patient factors such as strong needle phobia or difficult
access (e.g., small children). These factors were therefore specified in the later statement in
order to assess the overall opinion on whether these factors impact TIVA use. Remarkably,
when these considerations were included in the statement to reflect panellists’ opinions,
a strong consensus was still not reached, with the proportion of panellist agreement in-
creasing from 34.4% to only 64.3% between rounds (Appendix B). It is worth noting at this
point that when considering the practical aspect of TIVA use, despite comments suggesting
that monitoring equipment availability may be a barrier to TIVA use, the anonymity of the
survey renders it impossible to comment on the distribution among panellists of pEEG and
TCI pump use when employing TIVA as a technique. We are, therefore, unable to establish
whether a possible variation in the use of monitoring equipment among panellists may
have caused interference when attempting to reach a consensus regarding TIVA practicality,
or indeed whether it may be the cause of that statement not reaching consensus.

Similarly, when panellists were asked whether they believe there is strong evidence to
suggest TIVA reduces the incidence of emergence agitation, initially, only 62.1% to 68.9% of
panellists agreed. When feedback was added to the statement specifying that this reduction
in emergence agitation may be more widely observed in paediatric anaesthesia, consensus
only reached 74.1%, therefore, also not reaching a strong consensus. This suggests that the
challenges and considerations proposed by panellists are observed by a few individuals,
but do not necessarily reflect the experience of the majority; these differences could again
be due to the variation in subspecialty expertise, geographical differences, or even as a
result of working in a regional rather than a national hospital. Although the results of this
survey suggest hypotheses rather identified factors, they highlight the added value of such
a Delphi project, generating new research questions on variations in anaesthetic technique
use. Future studies, informed by the current work, may aim to clarify the importance of
local or regional aspects to be addressed when, or before, implementing TIVA.

In contrast to the abovementioned statements, which failed to reach consensus despite
comments suggested by the panellists, the inclusion of feedback that patient factors, as
well as the effect of TIVA on patient physiology such as haemodynamic stability and the
uncoupling of airway and hypnosis, determine whether panellists use this technique, did
increase the consensus between rounds from 55.1% to 75.8% (Appendix B). This is an
important finding, as similarly to the consensus regarding paediatric anaesthesia and the
reduction of post-operative nausea and vomiting, it is evident that patient factors constitute
a substantial consideration in the decision to use TIVA regardless of subspecialty or location.
While this may not be surprising as individual patient factors can be a driving factor for
variation in many clinical areas, we consider it an important finding as it demonstrates
objective evidence that this may specifically be the case for TIVA use as well.

There was a consistent lack of collective agreement on statements suggesting that
TIVA may not be used due to financial burden, lack of training, familiarity or departmental
preferences to use volatile agents. This may suggest that, regardless of subspecialty or
geographical location, the main considerations for the use of TIVA are patient dependent
rather than departmental or organisational. However, this may also reflect the fact that, for
instance, financial inequities or local constraints lead to different limitations in practice and
therefore a lack of consensus. Future surveys could identify which specific patient factors
may carry more weight when deciding to use TIVA, and investigate local variations in
these patient factors considering different patient demographics depending on location and
anaesthetic subspecialty. Further work could also be directed at possible reasons for lack of
consensus and geographical variability when considering local factors, such as financial,
training and departmental aspects.
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When it came to prioritising statements, it was clear that the reduction of nausea and
vomiting and availability of TIVA in paediatric anaesthesia are considered to be the main
priorities when deciding on its use. This was closely followed by the opinion that TIVA’s
effect on the patients’ physiology should be prioritised, further demonstrating the patient
focused approach to TIVA use. Interestingly, TIVA’s positive environmental impact, which
in Round 1 gained a very strong agreement, was considered as a priority by the fewest
participants. This suggests once more that even when moral causes such as protecting the
environment are concerned, patient experience and factors play a more significant role in
deciding whether to use TIVA.

4.1. Strengths

We used the Delphi approach to gather opinions on motivations or challenges for the
use of TIVA as an anaesthetic technique, and analyse responses and feedback from experts
in different anaesthetic subspecialties and geographical areas. This method was useful for
this study as, due to our wish to involve an international panel, remote survey completion
seemed the most practical method to collect data.

The study itself provided useful insight into the motivations that drive clinicians
from various anaesthetic subspecialties to use TIVA as a technique, providing clear results
on what individual panellists believe is important. Specifically, it allowed us to identify
that despite location, range of anaesthetic experience and subspecialty, patient factors and
overall patient experience (especially in paediatric cases) are among the main considerations
when choosing which technique to use for induction of anaesthesia. We also believe the
results of this survey have posed interesting questions for future research into the variability
of anaesthetic practice.

4.2. Limitations

Due to the study design, it is, however, impossible to determine if opinions are cor-
related to geographical location, anaesthetic subspecialty or even the type of hospital
panellists work in. This is particularly highlighted as the majority of the panellists who
took part in the project are based in Europe, creating the potential for geographical bias
and misrepresenting the value and use of TIVA in other continents. Further work could
focus on these variations, by increasing the number of panellists from different subspecial-
ties to highlight any specialty-specific preferences, as well as widening the geographical
representation in the panel to extrapolate whether differences in opinion can be attributed
to the country a panellist practices in or the subspecialty they have particular expertise in.
Furthermore, this project addressed the reasons for the use of TIVA as an anaesthetic tech-
nique. Although the survey considers this in comparison with volatile agents, it does not
specifically put to the panellists the benefits or otherwise of the use of the latter. In future
research, a parallel survey could determine motivations for the use of volatile anaesthesia
over TIVA, to establish whether there is a reciprocal relationship between the downsides of
using TIVA and the reasons for using volatile agents.

5. Conclusions

This manuscript aimed to address the variation in practice when administering anaes-
thetic techniques. By asking participants to state their agreement and ranking priorities
relating to the use of TIVA in their respective subspecialties, it became apparent that despite
scientific evidence and considerations regarding cost, familiarity and training, depart-
mental preferences or even the benefits for the environment, the decision to use TIVA is
largely attributed to what is best for the patient, both in terms of personal experience and
physiological benefit. Whilst the results of this survey may not directly impact clinical
practice, we believe they provide useful insight into the motivations of TIVA use and may
provide a foundation for future research on anaesthetic technique employment from an
individual preference basis, departmental and equipment availability perspective and
wider geographical variation. They also provide helpful opinions regarding the use of
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TIVA in paediatric anaesthesia, which may be looked into further to establish whether
departmental changes or training curricula may be adjusted in the future to reflect this.
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Appendix A

Table A1. Panellists’ Fields of Interest.

Panellists’ Fields of Interest No.

Airway Management 1

Ambulatory Anaesthesia 1

Burn Care 1

Cardiothoracic Anaesthesia 1

Cardiovascular Anaesthesia 4

Critical/Intensive Care 4

Education and Teaching 2

Emergency Anaesthesia 1

General Anaesthesia 5

Locoregional Anaesthesia 1

Malignant Hyperthermia 2

Myopathies 1

Neuro-Anaesthesia 3

Neuromuscular Blockers and Monitoring 1

Non-Operating Room Anaesthesia 3

Not specified 2

Obstetric Anaesthesia 3

Onco-Anaesthesia 1

Opioid-Free Anaesthesia 1

Orthopaedics 2

Paediatric Anaesthesia 2

Pain Management 5

Quality and Safety 1

Regional Anaesthesia 5

Total Intravenous Anaesthesia 1

Transfusions 1

Vascular Anaesthesia 1
This table shows the full range of panellists’ fields of interest. Some subspecialties were mentioned more
than once.
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Appendix B

Table A2. Delphi Method Statements.

Statement 1.

Round 1: Whether the use of total intravenous anaesthesia may
have benefits over volatile anaesthesia for reducing greenhouse

gases and waste anaesthetic gases is important for me.
82.8%

Round 2: Statement unmodified. 89.6%

Statement 2

Round 1: There is a strong body of evidence supporting the use
of total intravenous anaesthesia for reducing the incidence of

emergence agitation compared with volatile anaesthesia.
62.1%

Round 2: Statement unmodified. 68.9%

Round 3: In paediatric anaesthesia, there is a strong body of
evidence supporting the use of total intravenous anaesthesia for
reducing the incidence of emergence agitation compared with

volatile anaesthesia.

74.1%

Statement 3
Round 1: The potential effect of total intravenous anaesthesia

on cancer biology is an important aspect for me. 51.7%

Round 2: Statement unmodified. 53.6%

Statement 4

Round 1: In paediatric anaesthesia, total intravenous
anaesthesia is an impractical technique compared with volatile

anaesthesia.
34.4%

Round 2: In paediatric and adult anaesthesia, practicality aspects
(e.g., changing syringes, local resources and availability of drugs,

pumps and anaesthesia monitoring, duration and type of procedure)
influence the use of TIVA compared with volatile anaesthesia.

64.3%

Statement 5
Round 1: In paediatric anaesthesia, total intravenous

anaesthesia is a useful technique. 79.3%

Round 2: Statement unmodified. 82.7%

Statement 6

Round 1: The risk of awareness during total intravenous
anaesthesia compared with volatile anaesthesia is an obstacle

for its use.
20.6%

Round 2: Statement unmodified. 21.5%

Statement 7

Round 1: The financial cost of the anaesthetic technique in the
context of total intravenous anaesthesia and volatile anaesthesia

is important for me.
44.8%

Round 2: Statement unmodified. 50%

Statement 8

Round 1: Departmental preferences and guidelines influence
my technique choice, in the context of total intravenous

anaesthesia versus volatile anaesthesia.
44.8%

Round 2: Departmental preferences, resistance to change, or
guidelines influence my (or colleagues’) technique choice, in the

context of total intravenous anaesthesia versus volatile
anaesthesia.

53.6%

Statement 9

Round 1: Lack of familiarity and/or training with the use of
total intravenous anaesthesia (compared with volatile

anaesthesia) is a key reason why myself, or colleagues I know,
do not use it.

41.4%

Round 2: Statement unmodified. 46.4%
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Table A2. Cont.

Statement 10

Round 1: The effects of total intravenous anaesthesia on the
physiology (airway, haemodynamics) influence my technique

choice when compared with volatile anaesthesia.
55.1%

Round 2: My technique choice is influenced by the effects of TIVA on
the physiology such as airway, haemodynamics, or other patient
related factors (not including malignant hyperthermia, which is

universally considered an absolute contraindication for the use of
volatile agents).

75.8%

Statement 11
Round 1: The effect of total intravenous anaesthesia on

postoperative nausea and vomiting risk influences my choice. 79.3%

Round 2: Statement unmodified. 86.2%

Statement 12

Round 1: Total intravenous anaesthesia is becoming more
widely used in my clinical practice or the clinical practice of my

department.
62.1%

Round 2: The use of total intravenous anaesthesia is in
expansion in my clinical practice or the clinical practice of my

department, where not already widely used.
60.7%

This table displays the 12 statements including modifications (in italics) and the percentage of agreement reached
after each round (bold indicates consensus).
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Abstract: Left subclavian venous access increases the risk of vascular damage and thrombosis based
on the catheter course and location of the catheter tip. We investigated the accuracy of tip positioning
with conventional landmarks using transesophageal echocardiography. The carina as a radiological
landmark and the right third intercostal space as a topographical landmark were selected for tip
positioning within the target zone, defined as 2 cm above and 1 cm below the right atrial junction.
A total of 120 participants were randomized into two groups. The catheter insertion depth was
determined as 1.5 cm more than the distance between the venous insertion point and the carina via
the right first intercostal space in the radiological group, and between the venous insertion point and
the right third intercostal space via the right first intercostal space in the topographical group. The
determined insertion depth and actual distance to the right atrial junction of the radiological and
topographical groups were 19.5 cm and 20.5 cm, and 19.8 cm and 20.4 cm, respectively. Acceptable
positioning was more frequent in the topographical group (96.4% vs. 85.7%; p = 0.047). The catheter
tip is more accurately positioned in the distal superior vena cava using topographical landmarks
than radiological landmarks.

Keywords: central venous catheters; echocardiography; left subclavian vein; superior vena cava;
ultrasound

1. Introduction

The safety and function of central venous catheter positioning based on site selection
remains debatable [1,2]. It is recommended that the catheter tip should be placed in the
superior vena cava (SVC) above the pericardial sac to prevent serious complications such
as cardiac tamponade [3].

During left subclavian venous access, the catheter tip may be positioned in the middle
portion of the innominate vein to ensure a parallel course and prevent SVC abutment. How-
ever, in this proximal position, it is prone to thrombosis due to the relatively small venous
diameter, malfunction of the catheter owing to extravasation of the proximal access site,
and infection in the case of repositioning [4,5]. In the middle position, including the upper
and middle SVC, the catheter may result in vascular irritation due to abutment with the
SVC at a steep angle [6,7]. In contrast, when positioned in the distal SVC, close to the right
atrial junction, it reduces the risk of vascular damage and thrombotic complications due
to the parallel pathway of the catheter tip and the large conduit of the vein [8]. Therefore,
the catheter tip in this specific distal position is better suited for left subclavian venous
access [9].
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The conventional simple formula based on the patient’s height is not accurate for
catheter tip positioning during ultrasound-guided cannulation. For right-sided venous
access, the catheter tip at 1.5 cm near the carina on chest radiography would be positioned
in the distal SVC close to the right atrial junction [8]. However, there is no definite landmark
for catheter tip positioning during left subclavian venous access. Therefore, we planned
catheter tip positioning at the distal SVC close to the right atrial junction using anatomical
landmarks. The SVC is identified based on the overlying structures on coronal and axial
computed tomography images. It primarily originates behind the right first intercostal
space and terminates in the right atrium in the third or fourth intercostal space [10,11]. The
sternal angle formed by the manubriosternal joint is easily palpable over the skin. The
second costal cartilages articulate on either side of the sternal angle [12].

This study investigated the accuracy of catheter tip positioning using landmark-based
methods during left subclavian venous cannulation. In this study, we determined the carina
as a radiological landmark and the right third intercostal space as a topographical landmark
for left subclavian venous access. The accuracy of catheter tip positioning between the two
landmark-based methods was compared using transesophageal echocardiography.

2. Materials and Methods

2.1. Study Design, Ethics Statement and Study Population

This prospective randomized controlled study investigated the accuracy of catheter
tip positioning by landmark-based methods during left subclavian venous cannulation.
Ethical approval for this study was provided by the Institutional Review Board of Kangdong
Sacred Heart Hospital in Seoul, Republic of Korea (President: Soo Young Kim, protocol
number: KANGDONG 2019-03-002-001) on 26 April 2019. All the experiments were
carried out in accordance with the relevant guidelines and regulations of the Declaration
of Helsinki involving human subjects. All the patients signed an informed consent form
prior to study enrolment. After obtaining written informed consent from each patient, we
recruited 120 patients (20–80 years of age) with the American Society of Anesthesiologists
physical status class 1 to 3, who were eligible for left subclavian venous cannulation before
abdominal and cardiovascular surgeries between April 2019 and November 2021. The
exclusion criteria were a previous history of thoracic surgery, mediastinal mass, esophageal
varices, and refusal to participate. This study was registered with the Clinical Research
Information Service of Korea (https://cris.nih.go.kr (accessed on 20 July 2021); identifier:
KCT0006388; principal investigator: Il Seok Kim).

2.2. Randomization and Allocation

Participants were randomly allocated in a 1:1 ratio to either the radiological landmark
group (R group) or the topographical landmark group (T group) using computer-generated
randomization (www.graphpad.com/quickcalcs (accessed on 16 May 2022)). The alloca-
tion of participants was concealed in a sequentially numbered opaque envelope, and the
assignment envelope was opened before cannulation.

The carina was selected as the radiological landmark using a preoperative standard
erect P-A chest radiograph in suspended full inspiration in the R group. To estimate the
distance between the right first intercostal space and the carina, the vertical length between
the lower border of the right first costal cartilage, close to the sternum, and a horizontal
line connecting the carina were measured using the picture archiving and communication
system (PACS, Infinite Healthcare Co., Seoul, Korea) and an internal electronic caliper
(Figure 1a). The catheter insertion depth was calculated by adding the distance between
the venous insertion point and the right first intercostal space measured over the skin, the
distance between the right first intercostal space and the carina on chest radiography, and
an additional 1.5 cm for safety against insertion of the catheter tip in the right atrium [8].
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Figure 1. Radiological and topographical landmarks. (a) Chest radiograph for measuring the distance
between the first intercostal space and the carina. The distance from the right first intercostal space
to the carina is measured as the vertical length between the lower border of the right first costal
cartilage (solid triangle) close to the sternum and a horizontal line connecting it to the carina using an
electronic caliper in the radiological group. (b) Schematic illustration for estimating the distance from
the venous insertion point through the right first intercostal space to the right third intercostal space
in the topographical group. The distance is determined by adding the distance between the venous
insertion point (solid triangle) and the midpoint of the right first intercostal space (solid circle) just
lateral to the sternal angle, and the distance between the midpoints of the first and third intercostal
spaces (open square) just lateral to the sternum as measured on the skin surface.

The right third intercostal space was selected as the topographical landmark over the
chest skin surface in the T group. By measuring the distance between the midpoints of the
first and third intercostal spaces over the skin, the catheter insertion depth was calculated
by adding the distance between the venous insertion point and the right first intercostal
space and the distance between the first and third intercostal spaces (Figure 1b).

2.3. Procedure and Data Collection

Following general anesthesia induction, an echocardiographic probe (X7-2t trans-
esophageal transducer; Phillips, Andover, MA, USA) was inserted into the esophagus.
During cannulation, the patient was maintained in the Trendelenburg position with arms
abducted. After sterile preparation and draping, the puncture site in the infraclavicular area
was pre-scanned using two-dimensional ultrasonography (Affiniti 70; Phillips, Andover,
MA, USA) and a high-frequency linear transducer. After palpation of the sternal angle and
identifying the right first intercostal space over the skin, the distance between the venous
insertion point and the midpoint of the right first intercostal space just lateral to the sternal
angle, and the distance between the first and third intercostal spaces just lateral to the
sternum, were measured using a sterile graduated ruler. Central venous cannulation was
performed by an ultrasound-guided in-plane approach in the longitudinal view. A 20 cm
long, two-lumen catheter (Arrow G+ard Blue Central Venous Catheter; Arrow Interna-
tional Inc., Reading, PA, USA) was inserted using the Seldinger technique and secured at
the determined depth according to the protocol for each group. On the bicaval view of
echocardiography (Figure 2), accurate positioning of the catheter tip was assessed relative
to the right atrial junction, which was assumed to be at the level of the upper border of the
crista terminalis [13]. We also assessed the incidence of the angle of the tip > 40◦ in relation
to the SVC, abutment of the tip with the SVC, and flow streams hitting the vascular wall
using injections of agitated saline at the radiologically or topographically predetermined
insertion depth.
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Figure 2. Echocardiographic image of catheter tip positioning. The catheter tip is identified as two
parallel echogenic lines from the bicaval view. The solid triangle indicates the level of the upper
border of the crista terminalis, defined as the echocardiographic junction of the SVC and the RA.
Abbreviations: LA, left atrium; RA, right atrium; SVC, superior vena cava.

The actual distance between the venous insertion point and the right atrial junction
was assessed using advancement or withdrawal of the catheter from the bicaval view.
Following the repositioning of the catheter tip at the right atrial junction or the maximum
depth of the 20 cm catheter, the catheter was fixed with a skin suture.

Postoperatively, the catheter position was rechecked using a recumbent chest radio-
graph upon inspiration at the bedside. Any complication related to cannulation was
recorded until the removal of the catheter.

The primary outcome was the incidence of acceptable positioning of the catheter tip
within the target zone, which was designated as 2 cm above and 1 cm below the right
atrial junction, since this area has a large conduit of vessels and the catheter tip floats freely
without impinging on the vascular wall. The secondary outcomes were the difference
between the determined insertion depth and the actual distance to the right atrial junction,
the incidence of the angle of the tip > 40◦ in relation to the SVC, tip abutment with the SVC,
flow streams hitting the vascular wall, and any cannulation-related complications.
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2.4. Statistical Analysis
2.4.1. Sample Size Calculation

Based on the landmarks and calculated values for right-sided cannulation from a
previous study, the sample size was calculated from the data based on our preliminary
observation, in which the patients were divided into two groups with the carina and
the right third intercostal space as landmarks for positioning the catheter tip within the
target zone [8]. Consequently, 30 patients were included in each group, and the incidence
of acceptable positioning was 83.3% (25/30) and 96.6% (29/30) in the carina and third
intercostal space groups, respectively. Based on the incidence rate, an alternative hypothesis
and test type were chosen as one-sided (H1: P1 < P2) and the pooled Z test, respectively.
We calculated that 56 patients were required in each group to detect a difference of this
magnitude with an α error of 0.05 and a desired power of 0.80, using PASS 12 (NCSS, LLC,
Kaysville, UT, USA). After accounting for a dropout rate of 6%, we recruited 120 patients
for this study.

2.4.2. Data Analysis

Statistical analysis was performed using the SPSS version 23.0 (IBM Inc., Armonk, NY,
USA). The Shapiro–Wilk test was used to assess the normal distribution of variables. Con-
tinuous variables are reported as medians (interquartile range (IQR)) and compared using
the Mann–Whitney U test or the independent Student’s t-test, as considered appropriate.
Categorical variables are presented as numbers (proportion) and compared using Fisher’s
exact test or Pearson’s chi-square test, as considered appropriate. A probability value less
than 0.05 was considered to be statistically significant.

3. Results

3.1. Participant Enrollment

Of the 120 patients screened for the study, six patients were excluded owing to the
unavailability of echocardiography at cannulation (n = 2), conversion to other access sites
(n = 3), and preoperative detection of an abnormal thoracovascular condition of persistent
left SVC (n = 1). Accordingly, 114 participants were randomly allocated to one of the two
intervention groups, with 57 participants in each group (Figure 3). All the participants
underwent successful cannulation and catheter positioning, except two patients in whom
the catheter tip could not be identified from the bicaval view. Misplacement of the catheter
into the left internal jugular vein occurred in one patient in the R group, and an aberrant
positioning of the catheter due to persistent left SVC occurred in one patient in the T group.
These patients were not included in the statistical analysis. Finally, 56 patients per group
were analyzed.
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Figure 3. Consolidated Standards of Reporting Trials (CONSORT) flow diagram for participants
included in the study.

3.2. Characteristics of the Participants and Measurements

The baseline characteristics of the study participants are presented in Table 1. Sex, age,
height, weight, and body mass index were comparable between the groups.

Table 1. Baseline characteristics of study participants.

Variable
Radiological Group

(n = 56)
Topographical
Group (n = 56)

p

Male sex 36 (64.3) 39 (69.6) 0.547
Age (years) 65.0 [58.0–71.8] 67.0 [59.3–75.0] 0.230
Height (cm) 163.0 [153.3–166.0] 164.0 [158.0–169.0] 0.079
Weight (kg) 64.0 [55.0–71.8] 63.0 [56.0–69.8] 0.818

BMI (kg/m2) 24.3 [21.9–26.5] 23.6 [21.7–26.2] 0.317
Values are reported as the median [interquartile range], number, or number (% of patients). Abbreviations: BMI,
body mass index.

The measurements of catheter positioning are summarized in Table 2. Between the R
and T groups, the determined insertion depth (19.5 [18.6–20.4] cm vs. 19.8 [18.8–20.2] cm,
respectively; p = 0.645), the actual distance to the right atrial junction (20.5 [19.6–21.0] cm vs.
20.4 [19.5–21.0] cm, respectively; p = 0.802), and the difference between the measurements
(0.7 [0.1–1.4] cm vs. 0.5 [0–0.8] cm, respectively; p = 0.171) were comparable. The proportion
of acceptable positioning of the catheter tip within the target zone was higher in the T group
than in the R group (96.4% vs. 85.7%, respectively, p = 0.047) (Figure 4). The proportion of
tip positioning above the target zone was higher in the R group than in the T group (14.3%
vs. 3.6%, respectively, p = 0.047). Tip position below the target zone was not observed in
either group. The proportion of angle of the tip > 40◦ to the SVC, tip abutment with the SVC,
and flow streams hitting the vascular wall were comparable between the groups. Until the
removal of the catheter, no catheter-related complications were observed in either group.
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Table 2. Measurement and assessment in catheter positioning.

Variable Radiological Group (n = 56) Topographical Group (n = 56) p

Catheter insertion depth (cm) 19.5 [18.6–20.4] 19.8 [18.8–20.2] 0.645
Actual distance to junction (cm) 20.5 [19.6–21.0] 20.4 [19.5–21.0] 0.802

Difference between measurements (cm) 0.7 [0.1–1.4] 0.5 [0–0.8] 0.171
Acceptable positioning 48 (85.7) 54 (96.4) 0.047 *

Position above target zone 8 (14.3) 2 (3.6) 0.047 *
Position below target zone 0 0

Angle of tip (>40◦) to the SVC 0 0
Abutment with the SVC 1 (1.8) 0 0.315

Flow streams hitting vascular wall 1 (1.8) 1 (1.8) 1.000

Values are reported as the median [interquartile range], number, or number (% of patients). * Statistically
significant differences between groups. Abbreviations: SVC, superior vena cava.

Figure 4. Scatter graph of catheter tip position within the target zone in both groups. Each circle
represents an individual catheter tip position. Zero point refers to the junction between the SVC and
the RA. Positive values indicate catheter tip position above the junction, and negative values indicate
catheter tip position below the junction. Dashed lines indicate the upper and lower borders of the
target zone. The solid vertical line indicates the median and the error bars indicate the interquartile
range. Abbreviations: RA, right atrium; SVC, superior vena cava.

4. Discussion

The principal finding of our investigation was that during left subclavian venous
access, we could place the catheter tip more accurately in the distal SVC close to the right
atrial junction using the topographical method.

The placement of the central venous catheter is always associated with risks, and the
optimal positioning of the catheter tip is an ongoing issue, especially in left-sided venous
access. Vascular injuries are possible in any position in the SVC and cardiac chamber. Most
devastating complications, such as cardiac tamponade, hemothorax, and hydrothorax,
were reported in case reports and were attributed to mechanical and chemical irritation
to the vascular wall, which were related to parenteral delivery of hyperosmolar solutions
and an acute angle from left-sided access. The most important points to be considered
for preventing these events are the alignment of the catheter tip to the vessel wall, free
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movement of the tip, and non-impingement to the vessel wall. The distal SVC close to the
right atrial junction has the advantage of ensuring a parallel pathway for the catheter tip
and a large conduit during cardiac pulsation.

Several methods and landmarks are used for catheter positioning in right-sided vas-
cular access. However, there is no definite landmark in left-sided access for catheter tip
positioning in the distal SVC close to the right atrial junction.

In our study, although both the methods demonstrated comparable outcomes, the
radiological method had a higher incidence of the catheter tip being located 2 cm above
the right atrial junction. The catheter tip was more accurately positioned in the distal
SVC close to the right atrial junction when using topographical landmarks compared to
radiological landmarks.

The carina on chest radiography has been used as the landmark for catheter posi-
tioning, and when the catheter tip is positioned above the carina, it is generally accepted
that the catheter tip could be located above the pericardial reflection during right-sided
central venous access [14,15]. However, in left-sided access, if the catheter tip is located
above the carina, it results in an acute angle with the vascular wall and increases the risk
of vascular damage [7]. In catheter positioning using electrocardiogram guidance with
P-wave normalization and the manubriosternal junction as a surface landmark assumed
at the level of the carina, positioning the catheter tip above the carina results in a high
incidence of the catheter tip being positioned at an acute angle with the vascular wall in
left-sided access [16,17]. Therefore, the catheter tip would be positioned below the carina
for left-sided vascular access; however, the distance for preventing intracardiac placement
has not been specified [7]. The distance from the carina to the right atrial junction varies
from 2.0 to 4.0 cm [18,19]. A previous study reported that the mean (standard deviation)
distance from the carina to the right atrial junction was 2.6 (1.1) cm; therefore, we selected
1.5 cm as the minimum distance while positioning the catheter tip below the carina to
prevent its placement in the right atrium in the R group [8]. Although the determined
insertion depth, the actual distance to the right atrial junction, and the difference between
the measurements were comparable between the groups, more catheter tips were posi-
tioned above the target zone (14%, 8/56), and a significant proportion of catheters were
positioned below the atrial junction (21%, 12/56) in the R group. These results may be
due to imprecise measurement of the right first intercostal space combined with a parallax
effect on imaging of the right first rib from the central radiographic beam and the patient’s
position and height, individual variability in the distance between the right first intercostal
space and the carina, and underestimation of the distance from the carina to the right atrial
junction as only 1.5 cm.

Based on identifiable cutaneous landmarks overlying internal structures and their
respective courses, several topographical landmarks have been proposed for catheter
positioning [15,20]. Using the clavicular notch on the sternoclavicular joint and the sternal
angle formed by the manubriosternal joint, the catheter tip can be reliably placed in the
SVC above the pericardial reflection for right-sided venous access [17]. For placing the
catheter tip near the radiographic junction of the SVC and the right atrium, the right
third intercostal space is a reliable surface landmark in pediatric patients [21]. One study
reported that by using the lower border of the clavicular notch as the reference point for a
guidewire through the brachiocephalic vein and SVC, the lower border of the right third
costosternal junction was more reliable at positioning the catheter tip within 1 cm of the
echocardiographic junction of the SVC and the right atrium [22]. The SVC is a confluence
of the right brachiocephalic vein and left brachiocephalic vein and commonly originates at
the level of the right first intercostal space on computed tomography; therefore, the right
first intercostal space is a more accurate reference point than the clavicular notch based
on the course of the catheter inserted in the left-sided venous access [10,11]. Therefore,
for positioning the catheter tip close to the echocardiographic junction of the right atrium,
we selected the right first and third intercostal spaces as landmarks to appraise the origin,
course, and termination of the SVC. The results demonstrated a high proportion of catheter
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tips positioned within the target zone. We determined the target zone as 2 cm above and
1 cm below the right atrial junction, because this area is wide and parallel to the vascular
conduit of the SVC; additionally, the catheter tip is likely to float freely without impinging
on the atrial wall during cardiac contractions in echocardiographic imaging.

In the T group, the catheter tip was positioned 2 cm above the target zone in two
participants. Of these, one outlier was a 31-year-old man with a height of 179 cm, and the
other was a 73-year-old man with a height of 177 cm. The SVC length reportedly ranges
widely from 4.4 to 10 cm on magnetic resonance imaging [18]. Additionally, in a computed
tomography-based study, the termination of the SVC was more variable between the sexes
and age groups in relation to the overlying surface structures than the origin of the SVC; the
termination of the SVC into the right atrium was identified from the right third intercostal
space to the fifth costal cartilage, and was higher in women and younger adults [23].
Therefore, the considerable variability in the SVC length and right atrial junction with the
corresponding surface landmarks could have resulted in these outliers.

In the bicaval view of echocardiography, the catheter tip location could not be con-
firmed in two patients, who were subsequently excluded from the statistical analysis owing
to incomplete follow-up. These events occurred owing to the misplacement into the inter-
nal jugular vein and the presence of a persistent left SVC. Although misplacement is less
common in left-sided subclavian venous access owing to an obtuse angle of the innominate
vein with the SVC, it did occur in one participant in the R group [24]. It may be associated
with a tortuous path and a more distal approach from the axillary vein. Persistent left SVC
is an abnormal thoracic venous condition that occurs in 0.3% of the general population [25].
This vein empties into the right atrium through the coronary sinus in up to 90% of peo-
ple and is generally asymptomatic; however, it occasionally drains into the left atrium,
which increases the risk of systemic embolism [26]. In our case, aberrant positioning of the
catheter was discovered accidentally after cannulation. During cannulation, bubble streams
in the right atrium were identified following injection of agitated saline, but the catheter tip
was not detected from the bicaval view. Fortunately, this case remained uneventful after
cannulation; however, awareness of the clinical implications and thoughtful examination
of coronary sinus dilation using echocardiography can help avoid potential complications.
These patients underwent transesophageal ultrasound for the measurement of catheter tip
positioning; however, no clear benefit was observed. A confirmatory chest radiograph is
still needed regardless of the calculation method used for catheter tip positioning.

There were certain limitations to our study. First, we performed cannulation solely
of the left subclavian vein. Left internal jugular venous access carries a risk of vascular
irritation since it exhibits two curvatures up to the right atrial junction, and achieving
acceptable positioning with commercial catheters of 20 cm is challenging; therefore, we
did not include the left internal jugular vein in this study. Second, we did not consider the
possibility of catheter tip migration based on patients’ posture and arm movements. The
participants in this study required central venous cannulation as a part of perioperative
care and not permanent implantation for long-term usage. Third, we did not consider the
difference in patient position and breathing pattern, wherein for the calculation using a
preoperative standard P-A chest radiograph, the patient was in an upright position in full
inspiration, while for the measurement using transesophageal ultrasound, the patient was
in a supine position and mechanically ventilated.

In conclusion, we demonstrated that the catheter tip could be more accurately posi-
tioned in the distal SVC close to the right atrial junction using the topographical method.
Therefore, we recommend using the right first and third intercostal spaces as landmarks
during cannulation of the left subclavian vein for positioning of the catheter tip close to
the right atrial junction. If identifying the surface landmarks is challenging, radiological
landmarks, such as the carina, can be alternatively used for positioning the catheter.
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Abstract: Background: Bimaxillary orthognathic surgery bears the risk of severe postoperative
airway complications. There are no clear recommendations for immediate postoperative follow-up
and monitoring. Objective: to identify potential risk factors for prolonged mechanical ventilation
and delayed extubation in patients undergoing bimaxillary orthognathic surgery. Methods: The
data of all consecutive patients undergoing bimaxillary surgery between May 2012 and October
2019 were analyzed in a single-center retrospective cohort study. The clinical data were evaluated
regarding baseline characteristics and potential factors linked with delayed extubation. Results: A
total of 195 patients were included; 54.9% were female, and the median age was 23 years (IQR 5).
The median body mass index was 23.1 (IQR 8). Nine patients (4.6%) were of American Society
of Anesthesiologists Physical Status Classification System III or higher. The median duration of
mechanical ventilation in the intensive care unit was 280 min (IQR, 526 min). Multivariable analysis
revealed that premedication with benzodiazepines (odds ratio (OR) 2.60, 95% confidence interval
(0.99; 6.81)), the male sex (OR 2.43, 95% confidence interval (1.10; 5.36)), and the duration of surgery
(OR 1.54, 95% confidence interval (1.07; 2.23)) were associated with prolonged mechanical ventilation.
By contrast, total intravenous anesthesia was associated with shorter ventilation time (OR 0.19,
95% confidence interval (0.09; 0.43)). Conclusion: premedication with benzodiazepines, the male
sex, and the duration of surgery might be considered to be independent risk factors for delayed
extubation in patients undergoing bimaxillary surgery.

Keywords: bimaxillary surgery; airway complications; risk factors; extubation

1. Introduction

Bimaxillary orthognathic surgery is performed to correct significant dental malocclu-
sion, and to restore esthetic facial contour and proportion [1]. It reduces temporomandibular
joint symptoms and plays a pivotal role in the treatment of obstructive apnea [2,3].

Considering the literature, bimaxillary surgery is a safe and reliable procedure, and
the rate of intra- and postoperative complications is rather low [4,5]. However, Kantar et al.
have recently reported that, compared to single-jaw surgery, double-jaw osteotomies are
associated with an increased risk of early complications and surgery in the outpatient
setting, and patients of American Society of Anesthesiology (ASA) physical status class 3
or higher have been identified as independent factors for postoperative adverse effects [6].
Taking this into account, there are no clear guidelines or recommendations for immediate
postoperative follow-up and monitoring in patients undergoing bimaxillary surgery. With
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the goal of avoiding early severe postoperative complications owing to nasal airway
obstruction, edema, or intraoral bleeding, delayed controlled extubation in the ICU may
be an approach after bimaxillary surgery. However, prolonged nasotracheal intubation
bears the risk of adverse effects such as epistaxis, turbinectomy, retropharyngeal dissection,
tympanites, and nasal alar pressure ulcers [7], and prolonged mechanical ventilation was
linked with transient dysphonia, dysphagia, sore throat, and pneumonia [8,9].

While many studies have addressed the issue of predictors for postoperative wound
complications [10–12], risk factors for delayed extubation in patients undergoing bimax-
illary surgery are poorly defined to date. Therefore, the purpose of this study was to
evaluate the duration of mechanical ventilation and to identify potential risk factors for
delayed extubation.

2. Materials and Methods

2.1. Study Design, Setting, and Participants

This retrospective cohort study was conducted at the Department of Anesthesiology
and Intensive Care, and the Department of Oral and Maxillofacial Surgery and Regional
Plastic Surgery, University Medical Center, Freiburg, Germany. The study protocol was
approved by the Ethics Committee of Freiburg University Medical Center (approval number
200/20). This article adheres to the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines [13]. A STROBE checklist has been provided in
the Supplementary Materials. The study was initiated in 2020, and the retrospective data
collection was conducted in 2020. Due to the initiation of an electronic patient data and
management system in 2012 that allows for gaining the relevant data, we enclosed only
files from 2012 or later. The study cohort consisted of all patients who had undergone
bimaxillary orthognathic surgery followed by admission to the ICU between May 2012 and
October 2019. The observational retrospective study design removed the need for a priori
sample size calculation.

2.2. Anesthesia, Postoperative Care, and ICU Therapy

Patients fasted for 6 h for solid food and 2 h for clear liquid prior to the planned
induction of anesthesia. If desired, patients received 3.75 or 7.5 mg midazolam orally
before being transferred to the operating theater. Anesthesia was induced with the i.v.
application of remifentanil, propofol, and cisatracurium, and maintained with propofol
or volatile anesthetic sevoflurane or desflurane. Noninvasive arterial blood pressure,
electrocardiography, and pulse oximetry were monitored continuously. Gastric feeding
tube placement was performed in all patients. In order to control and reduce postoperative
swelling after orthognathic surgery [14], patients who had no contraindications received a
single preoperative high-dose injection of dexamethasone.

All patients were transferred to the intensive care unit (ICU) in a sedated state with a
continuous i.v. application of propofol (doses in the range of 80–120 μg/kg/min) under
controlled mechanical ventilation and intubated endotracheally for planned extubation.
Local cooling of the midface and the neck with ice packs or an automated cooling mask
(Hilotherapy®, Hilotherm GmbH, Argenbühl-Eisenharz, Germany) was consequently
applied. Sedation was stopped with stable vital parameters, decayed muscle relaxant,
and analgesic therapy with nonsteroidal drugs, and nurse-controlled opioid application
was established. Desired sedation depth was between –1 and 0 using the Richmond
agitation and sedation scale [15]. When patients were alert and calm, the standard operating
procedure for the extubation of patients undergoing bimaxillary orthognathic surgery was
applied. The main premises are the evaluation of a patient’s ability to cough, swallow,
and cooperate, and a successful leakage test with a deflated cuff of the endotracheal tube
(Figure 1).
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Figure 1. Standard operating procedure for the extubation of patients undergoing bimaxillary
orthognathic surgery. Modified from standard operating procedure extubation of a difficult airway
published in [16] by Schmutz et al.

2.3. Surgical Protocol

Each patient preoperatively received orthodontic treatment. The bimaxillary surgeries
were performed under general anesthesia with nasal intubation. The virtual planning of
the surgery was performed using Dolphin software (Patterson Dental, Chatsworth, CA,
USA), and the surgical splints were printed out with a Stratasys Eden 260v 3D printer
(Stratasys, Eden Prairie, MN, USA).

After applying local anesthesia with adrenaline 1:200,000 in the maxilla and the
mandible, the surgery started in the maxilla with a leFort-I osteotomy. After repositioning,
the maxilla was fixed with 4 L plates 1.5 mm and 16 Cortical Screws 2.0/6 mm (DePuy
Synthes, Raynham, MA, USA); in the case of a gap, BioOss Kollagen (GeistlichPharma,
Wolhusen, Switzerland) was added to the osteotomy line. In the mandible, bilateral sagittal
split osteotomy (BSSO) was performed following the Obwegeser/Dal Pont technique; after
adjustment, the newly positioned mandible was fixed with two SplitFix 2/40 mm plates
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and 4 cortical screws 2.0/6 mm (DePuy Synthes, Raynham, MA, USA). In cases with large
mandibular advancements, an additional osteosynthesis plate was used in the mandible to
increase overall stability in comparison to SplitFixPlate alone. In the case of a maxillary and
mandibular advancement because of sleep apnea or when performing counterclockwise
rotation, the surgery was performed following a mandible first protocol.

2.4. Data Collection

To determine factors associated with the extubation period, the case records were
reviewed for general demographic data, and specific medical, operative, and anesthesia
predictor variables. Inclusion criteria for this study were patients with a developmental
dentofacial deformity involving the two jaws. Demographic variables were age at the
time of operation and gender. The medical variables were pre-existing comorbidities, ASA
classification, Mallampati score, and body mass index (BMI). Operative and anesthesia
variables were surgery duration and types of drugs used. As the primary outcome, variable
time to extubation on ICU was defined.

2.5. Data Analyses

The data were collected in a MS Excel™ (Microsoft, Redmond, WA, USA) datasheet.
Further statistical processing was performed using the Statistical Package for the Social
Sciences (SPSS for Windows, V.27; SPSS Inc., Chicago, IL, USA).

Descriptive statistics were used to show the distribution of variables (median and
range for continuous variables, and frequency for discrete variables). The quartiles of
postoperative mechanical ventilation intervals were calculated. After that, two groups were
formed: The “short-term postoperative mechanical ventilation interval” group, comprising
the lower three quartiles, and the “long-term postoperative mechanical ventilation interval”
group, comprising all patients with ventilation times longer than the 75th percentile.
Normal distribution was tested using the Kolmogorov–Smirnov test. For the comparison
of metric parameters between the two groups, such as duration of surgery, volume intake,
and blood loss, a t-test for independent samples was used; for the comparison of nominal
parameters such as sex and comorbidities, a chi-squared test was applied. A p-value
of 0.05 was chosen to be the level of significance. To find the variables independently
associated with longer postoperative ventilation, parameters with significant differences
were included in binary logistic regression analysis. If the p value was less than 0.05, it
was considered to be significant. For variable selection, the forward stepwise approach
was applied.

3. Results

3.1. Preoperative Variables

The patients’ characteristics are shown in Table 1. A total of 195 consecutive patients
who had undergone bimaxillary surgery between May 2012 and October 2019 were in-
cluded in this retrospective study. The patients’ median age was 23 years (IQR 8; range from
18 to 61 years), and 107 patients (54.9%) were female. The median BMI was 23.1 (IQR 5.0).
Nine patients (4.6%) were of ASA class 3 or higher. Fifteen patients (7.7%) had a Mallampati
score of III or higher. Potentially relevant comorbidities included hypertension (3.1%), aller-
gic asthma (12.3%), chronic obstructive pulmonary disease (COPD (1.0%)), hypothyroidism
(4.6%), depression (5.1%), or a history of smoking (13.8%).

3.2. Anesthesia and Operative Variables

Of the patients, 125 (64.1%) had received premedication in the form of oral midazolam
before they were transferred to the operating theater (Table 2). Airway management during
surgery was successfully accomplished with nasotracheal intubation in all cases. In total,
179 patients (91.8%) received a single injection of dexamethasone. The maintenance of
general anesthesia using propofol-based total intravenous anesthesia (TIVA) was performed
in 135 patients (69.2%). The median open-wound operating time was 238 min (IQR, 95 min).
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The median time of mechanical ventilation in the operating theater from the start of
anesthesia till ICU arrival was 330 min (IQR, 106 min).

Table 1. Patient characteristics.

Entire Cohort n = 195

Age in years, median (IQR) 23.0 (8)

BMI, median (IQR) 23.1 (5)

Gender

Male, n (%) 88 (45.1)
Female, n (%) 107 (54.9)

ASA classification, n (%)

- I and II 186 (95.4)
- III–V 9 (4.6)

Mallampati grading, n (%)

- 1 and 2 151 (77.4)
- 3 or higher 15 (7.7)
- Mallampati missing 29 (14.9)

Preexisting comorbidities, n (%)

- Hypertension 6 (3.1)
- Allergic asthma 24 (12.3)
- COPD 2 (1.0)
- Hypothyroidism 9 (4.6)
- Depression 10 (5.1)
- Smoker 27 (13.8)

Categorical variables are given as absolute number and percentage. Continuous variables are given as median
(IQR (interquartile range)). ASA, American Society of Anesthesiologists; BMI, body mass index (kg/m2); COPD,
chronic obstructive pulmonary disease.

3.3. Time of Mechanical Ventilation in the ICU

As shown in Figure 2, the median time of mechanical ventilation in ICU was 280 min
(IQR, 526 min).

Figure 2. Box plot showing intubation time in ICU.

Consequently, the need for endotracheal intubation for more than 665 min (75th
percentile) was defined as prolonged mechanical ventilation. Of the patients, 48 (32.7%)
underwent delayed extubation.
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Table 2. Perioperative variables.

Entire Cohort n = 195

Received premedication 125 (64.1%)

Intraoperative comedication, n (%)
- Parecoxib 30 (15.4)
- Metamizole 15 (7.7)
- Tranexamic acid 19 (9.7)

Preoperative dexamethasone, n (%)
- None 16 (8.2)
- 4 mg 10 (5.1)
- 8 mg 4 (2.1)
- 16 mg 20 (10.3)
- 20 mg 83 (42.6)
- 40 mg 49 (25.1)
- 44 mg 6 (3.1)
- 80 mg 6 (3.1)
- 84 mg 1 (0.5)

Intraoperative blood loss (mL), median (IQR) 300 (280)

Intraoperative fluid intake (mL), median (IQR) 1700 (1550)

Anesthesia maintenance, n (%)
- Balanced anesthesia 60 (30.8)
- Total intravenous anesthesia 135 (69.2)
Time intervals (min), median (IQR)
- Contact anesthesia until the start of surgical preparation 30 (15)
- Length of operation 238 (95)
- Mechanical ventilation until ICU arrival 330 (106)

Categorical variables are given as absolute number and percentage. Continuous variables are given as median
(IQR (interquartile range)). ICU, Intensive Care Unit.

3.4. Statistical Analysis of Risk Factors and Outcome Variables

Next, we statistically analyzed potential risk factors for prolonged mechanical ventila-
tion in the ICU (Figure 3).

Figure 3. Risk factors for prolonged mechanical ventilation in the ICU.

Multivariable analysis revealed that the factor most strongly associated with delayed
extubation in the ICU was premedication with benzodiazepines (odds ratio (OR) 2.60,
95% confidence interval (0.99; 6.81)), followed by the male sex (OR 2.43, 95% confidence
interval (1.10; 5.36)), and the duration of surgery (OR 1.54, 95% confidence interval (1.07;
2.23)), whereas the maintenance of general anesthesia with propofol-based TIVA was
associated with earlier extubation (OR 0.19, 95% confidence interval (0.09; 0.43)).
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4. Discussion

Orthognathic surgery is a common and mostly safe procedure for correcting dentofa-
cial deformities and malocclusions [17]. Risks of surgery include relapse of the jaw, jaw
fracture, nerve injury, wound infection, or excessive blood loss, and the patient´s airway
may be threatened by obstruction, edema, or intraoral bleeding [18–20]. Kantar et al. have
recently shown that, compared with single-jaw surgery, double-jaw osteotomies are associ-
ated with significantly higher rates of overall complications. In this study, surgery in the
outpatient setting and patient ASA physical status class 3 or higher were identified as inde-
pendent risk factors for postoperative adverse effects in patients undergoing bimaxillary
surgery [6]. Most complications occur early after the operation, and delayed extubation
in the ICU has become the standard approach in our institution. While early extubation
after bimaxillary surgery is a safe procedure and is associated with reduced ICU length and
hospital stay [21], risk factors for prolonged mechanical ventilation and delayed extubation
in this patient cohort are poorly defined to date.

In our study, anxiolytic premedication with oral midazolam was associated with
prolonged mechanical ventilation and delayed extubation in the ICU despite short elim-
ination half-life midazolam reducing psychomotor performance in healthy volunteers
for several hours [22]. Interestingly, until now, there was only low-quality evidence that
midazolam reduces anxiety when administered as the sole sedative agent prior to a medical
procedure [23]. In geriatric patients undergoing brief surgical procedures, midazolam
administration significantly prolonged postanesthesia care unit discharge time [24]. Mo-
hammadi et al. have recently shown that oral premedication with clonidine might have
beneficial effects in patients undergoing bimaxillary surgery [25]; in hypertensive patients,
dexmedetomidine premedication provides better hemodynamic stability than that of mida-
zolam [26].

In our study, the male sex was associated with delayed extubation in the ICU. The
reason for this observation remains unclear. However, there is growing evidence of sex-
specific differences in mechanically ventilated patients [27–29], and a retrospective study
on hospitalized patients in an ICU showed that women had significantly shorter duration
of mechanical ventilation, time to withdrawal of sedation, and time to onset of active
exercises [30].

Another result of our study was that, compared to balanced anesthesia with volatile
anesthetics, the maintenance of general anesthesia with propofol-based TIVA was asso-
ciated with a shorter period of mechanical ventilation in the ICU. All patients included
in our study were transferred to the ICU with continuous propofol i.v. application. A
possible explanation for the observed difference may be that patients undergoing anesthesia
with volatile anesthetics may need higher doses of propofol for the transfer to the ICU.
Whether causal or not, in the TIVA-group, propofol infusion was continued for transport
with a lower target concentration. Other beneficial and advantageous effects of TIVA over
inhalational agents in the perioperative setting include reduced PONV and better analgesia,
both resulting in greater patient satisfaction and shortened intubation time [31]. Thus,
anesthesia maintenance with propofol might be advantageous in patients undergoing
bimaxillary surgery.

As one would expect, the type of orthognathic surgery and the amount of mandibular
advancement or setback may influence the postoperative mechanical ventilation time.
Riekert et al. have recently shown that an early extubation strategy was associated with
a shortening of ICU and inhospital stay, whereas postoperative complications such as
nausea and vomiting, anemia, or respiratory dysfunction were not increased compared to
a delayed extubation strategy in patients undergoing bimaxillary surgery [21]. Another
result of this study was that the reduction in pharyngeal airway space did not increase the
complication rate in this patient cohort. In our study, the duration of surgery correlated
with intubation time in the ICU. This result is consistent with those of previous studies
in which prolonged surgery was associated with delayed extubation [32,33]. Surgical
procedures represent a potential trigger for systemic inflammation [34], and prolonged
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surgery increases the secretion of proinflammatory cytokines and endothelial dysfunction.
As a result, postoperative swelling and airway obstruction may occur [35]. Due to a
previously published protocol-based evaluation for the feasibility of extubation [16], none
of the 195 patients included in our study required reintubation in the ICU.

The potential strengths of the study are that the study cohort consisted of all patients
who had undergone bimaxillary orthognathic surgery followed by admission to the ICU
between May 2012 and October 2019, and that all operations were performed by a single
surgical team. However, our study has several limitations. First, the single-center design
with the small sample of patients might limit the generalizability of the results. Second, due
to its retrospective character, there might be an absence of data on potential confounding
factors. Lastly, our findings are merely an association and cannot imply causation. Further
randomized trials should be undertaken to assess predictors for delayed extubation, helping
us in identifying patients more likely to undergo prolonged mechanical ventilation.

In conclusion, this study showed that premedication with midazolam, the male sex,
and the duration of surgery are associated with prolonged mechanical ventilation and
delayed extubation in ICU, whereas the maintenance of general anesthesia with propofol-
based TIVA is associated with earlier extubation in patients undergoing bimaxillary orthog-
nathic surgery.
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Abstract: Pulse wave transit time (PWTT) is the time difference between the occurrence of an
R-wave on an electrocardiogram and the detection of pulsatile signals on a pulse oximeter, which
reflects changes in blood pressure (BP) corresponding to the vessel wall compliance. However, the
factors affecting PWTT variability have not been determined. Thus, we investigated the BP changes
associated with variations in PWTT and identified the clinical characteristics associated with these
variations. Data related to 605 cases of dental procedures performed under intravenous conscious
sedation from April 2020 to November 2021 were collected, and 485 cases were enrolled. Heart
rate, systolic blood pressure before and after local anesthesia (LA) administration, and crest and
trough PWTT waves during LA administration were recorded. Thereafter, PWTT variability was
calculated; cases were divided into two groups: large PWTT variability (LPV, n = 357) and small
PWTT variability (SPV, n = 128). The index of large PWTT variability could not detect changes in
BP. Logistic regression analysis revealed that factors, such as LA use, age, hypertension, and dental
treatment phobia were associated with PWTT variability. The use of epinephrine more than 36.25 μg
in each LA resulted in PWTT variability of more than 15 ms.

Keywords: pulse wave transit time; ambulatory monitoring; hemodynamic monitoring; local anesthetics

1. Introduction

Scheduled intermittent measurement of non-invasive blood pressure (NIBP) is impor-
tant for detecting hemodynamic changes throughout dental procedures performed under
intravenous conscious sedation (IVCS) [1]. Nevertheless, NIBP measurements recorded
at specific intervals may not be sufficient to detect short-term changes in blood pressure
(BP), which are associated with rapid changes in the vascular properties. Particularly in
dental procedures, the use of local anesthetic agents containing epinephrine for infiltration
anesthesia in addition to various stimuli involving autonomic responses, such as invasive
treatments associated with pain and stress, may induce large BP fluctuations within a short
period of time.

Epinephrine is commonly contained in local anesthetic agent for routine dental pro-
cedures and a potent vasoconstrictor that stimulates α-adrenergic receptors, resulting in
immediate BP variations after local anesthesia (LA) administration. This may not be de-
tected by intermittent NIBP measurement and failure to detect BP fluctuations may increase
the risk on patients with underlying cardiovascular disease [2,3]. Anesthesiologists can
resolve this issue through manual assessments, which may however be subjective. Frequent
measurements may also cause discomfort, trauma, and nerve injury to the patient [4].

Various approaches have been investigated as alternatives for continuous BP monitoring [5].
Pulse wave transit time (PWTT) is one of these, and vital monitoring devices that make
use of this parameter are commercially available. It calculates the time between the rise of
the photoplethysmography (PPG) waveform and the R-wave of the electrocardiogram by
using the changes in finger blood volume determined by the PPG [6]. PWTT is affected by
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changes in vascular volume, sympathetic nerve activity, and vascular elasticity [3,7]. The
pulse wave propagates through the arterial vessel toward the peripheral measurement site,
where it appears as a time delay (milliseconds). The length of the PWTT is directly pro-
portional to the BP [4]. When blood volume is high or vessels are constricted, pulse waves
travel faster because blood flow reaches the peripheral site with high speed. Variations
in PWTT reflect vascular tone increases and subsequent stiffening of the vessel walls [8].
Large variations in PWTT can occur when the vessel wall has a normal ability to constrict
under relaxed conditions, especially when it has high elasticity. In contrast, small variations
in PWTT might indicate that the vessel wall compliance is limited. This condition can arise
from factors such as arteriosclerosis [9]. As a result, the decrease in PWTT is reflected as
a steep drop in the graph, showing its changes over time, and the BP increases [10,11].
In this graph, changes in PWTT are indicated by the amplitude width and height. If the
vessel wall contracts rapidly, the PWTT drops abruptly; if it contracts severely, the PWTT
amplitude increases.

The clinical measurement of PWTT began in recent years. One bedside monitor (Life
Scope BSM 3562, Nihon Kohden, Tokyo, Japan) has two settings that automatically trigger
NIBP measurement using PWTT; one is when PWTT varies by more than 15 ms, which
is assumed to be a change in systolic blood pressure (SBP) of >20 mmHg. The second
was when the estimated SBP calculated from this PWTT change exceeded the SBP alarm
setpoint for more than 8 s. NIBP measurements are triggered when both conditions are
satisfied [12].

Previous studies on the direct relationship between PWTT and BP are often inadequate
because of differences in the clinical characteristics of the subjects and the small sample
sizes [6,10]. Meanwhile, an investigation of PWTT and BP in newborns showed the ability
of PWTT to continuously detect BP changes [11]. To our knowledge, no study has examined
the association between changes in BP and variations in PWTT during dental procedures.
Therefore, the aim of this study was to investigate whether BP changes can be detected
early from the variability in PWTT and the clinical characteristics related to these variations
during dental treatment.

2. Materials and Methods

2.1. Participants and Data Sources

We conducted a retrospective study on the changes in PWTT following infiltration
anesthesia in adult patients with American Society of Anesthesiologists (ASA) physical
status score I–III (I, normal healthy patient; II, indicating patient with mild systemic disease;
and III, indicating patient with severe systemic disease with no constant threat to life),
who received dental treatment under IVCS between April 2020 and November 2021 in
our dental anesthesiology clinic. The ethics committee of our university (No. D2021-017)
approved the study procedures for sample collection and analysis. In accordance with
the Ethical Guidelines for Medical and Health Research Involving Human Subjects, we
substituted the consent form with disclosure of the study details on the hospital website
and posting. Patients’ background data were acquired from medical records, vital signs
including PWTT were collected from anesthesia charts, and bedside monitors at the Dental
Anesthesiology Clinic of the TMDU Hospital, respectively. The exclusion patient’s criteria
were as follows: less than 20 years old, history of frequent arrhythmia or pacemaker use,
use of LA without epinephrine, and no LA use.

After standard monitoring was performed, including an electrocardiogram, mea-
surement of NIBP every 5 min, and a pulse oximeter on the index finger of the hand,
a peripheral venous catheter was placed in the patient’s right arm. In our institution,
midazolam 0.03–0.04 mg/kg was administered as a single dose at the usual induction,
followed by continuous propofol at 1–4 mg/kg/h, with a target sedation level of 4–5 on
the Ramsay sedation scale. Patients received 100% O2 inhalation through a nasal catheter
at a flow rate of 3 mL/min during the treatment. After confirming stable vital signs and
achieving the target sedation level, LA was administered. A 2% lidocaine solution with
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epinephrine concentration of 1:80,000 (1.8 mL/cartridge) was used as the local anesthetic,
and the amount used was decided by the surgeon. Heart rate (HR), SBP, and PWTT were
recorded on a bedside monitor from the time of NIBP measurement immediately before
LA administration until the next scheduled NIBP measurement, 5 min after completely
administering the first dose of LA. The BSM PC Viewer, version 0.04 (Nihon Kohden, Tokyo,
Japan) was used to record and extract HR, SBP, and PWTT.

2.2. Clinical Characteristics

We gathered the following patient data from the available medical records and anesthe-
sia charts: sex; age; weight; height; body mass index (BMI) at the time of treatment; obesity
classified as BMI ≥ 25 [13]; ASA physical status score; dose of epinephrine (μg) in LA
solution that was used during the recorded period; preexisting patient history of systemic
diseases or mental disorders; patients with history of smoking cigarettes at least 1 d in the
past month during medical examination were classified as smokers [14]; and history of
alcohol intake in medical records before the treatment classified as alcohol consumption.
We recorded the entire history, rather than just a representative one, because patients could
have had multiple medical conditions.

2.3. Variables from Recorded Segments

We established the baseline heart rate (HRBL) and baseline systolic blood pressure
(SBPBL) at the time of NIBP measurement immediately before LA administration. Maximum
heart rate (HRLA) and maximum systolic blood pressure (SBPLA) were recorded at the
time of NIBP measurement more than 5 min after finishing LA administration. ΔHR
and ΔSBP were obtained from the differences between HRBL and HRLA, and SBPBL and
SBPLA, respectively (Figure 1). PWTT variability (ΔPWTT) was calculated as the difference
between crest PWTT wave (PWTTMAX) and trough PWTT wave (PWTTMIN) during the LA
administration. The patients were then divided into two groups: a large variation group
with ΔPWTT > 15 (LPV) and a small variation group with ΔPWTT < 15 (SPV).

 

Figure 1. Baseline HR (HRBL) and baseline SBP (SBPBL) immediately before local anesthesia; heart
rate after local anesthesia (HRLA); and systolic blood pressure (SBPLA) were also recorded at 5 min
after local anesthesia. Value for ΔPWTT. Crest PWTT wave (PWTTMAX) value; trough PWTT wave
(PWTTMIN) value. Unit PWTT in milliseconds (msec), SBP in mmHg, HR in beats per minute (bpm).
Abbreviations: HR = heart rate; SBP = systolic blood pressure; PWTT = pulse wave transit time.
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2.4. Statistical Analysis

The normality of data distribution on clinical characteristics and variables was ex-
amined using the Shapiro–Wilk and Kolmogorov–Smirnov tests. Normally distributed
variables were expressed as the mean ± standard deviation. Non-normally distributed
data were presented as medians with interquartile range, minimum, and maximum. The
distribution of clinical characteristics and variables from recorded segments was compared
between the LPV and SPV groups using t-tests or Mann–Whitney U tests for continuous
variables and chi-square tests or Fisher’s exact tests for categorical data, as appropriate.
To evaluate the primary outcome, i.e., the relationship between LPV and ΔSBP, the Mann–
Whitney U test was used. Logistic regression was used to determine the associations
between clinical characteristics and the LPV group. All statistical analyses were performed
using SPSS Statistics for Windows, version 27.0 (IBM Corp., Armonk, NY, USA). Statistical
significance was set at p < 0.05.

3. Results

3.1. Primary Outcome and Summary of Inclusions

Six-hundred-and-five patients who received dental treatment under IVCS were en-
rolled. Seventy-one patients were excluded based on the exclusion criteria. A total of
534 anesthesia records were reviewed, and in 49 cases, either the PWTT was interrupted
or some data were not recorded. Therefore, 485 cases were included in the statistical
analyses. Figure 2 presents a flow chart of the case selection process. The included cases
were deemed as fit for the analyses, with 357 cases (73.6%) grouped into the LPV group
and 128 cases (26.4%) into the SPV group. The average age was 49 ± 17 years old with a
sex distribution of 61.2% female and 38.8% male with regard to the total population in this
study. There were significant differences in sex, ASA scoring, age, weight, height, BMI, LA,
and PWTTMAX between the two groups. In the SPV group, the mean age of the patients
was higher. The use of epinephrine in local anesthetic agent was higher in the LPV group.
(Table 1).

Table 1. Descriptive and univariate analysis of variables from recorded segments and clinical
characteristics from overall reviewed cases.

Variables
Descriptive Analysis Univariate Analysis

Overall Cases (n = 485) LPV (n = 357) SPV (n = 128) p Value

Age (year) 49 (17) 48.1 (17) 52.3 (17) 0.018 *
Gender <0.003 *

Male 188 (38.8%) 122 (64.9%) 66 (35.1%)
Female 297 (61.2%) 235 (79.1%) 62 (20.9%)

ASA 0.008 *
I 225 (46.4%) 180 (37.1%) 45 (9.3%)
II 256 (52.8%) 175 (36.1%) 81 (16.7%)
III 4 (0.8%) 2 (0.4%) 2 (0.4%)

Weight (kg) 60.5 (13) 58.5 (13) 62.5 (13) 0.004 *
Height (m) 1.6 (0.1) 1.62 (0.1) 1.64 (0.1) 0.034 *

Body mass index (kg/m2) 22.5 (4) 22 (4) 23 (4) 0.019 *
Midazolam (mg) 2 (0–5.9) 2 (0–5.9) 2 (0–5) 0.973

Epinephrine use in LA (μg) 43 (20) 49.9 (23) 35.5 (17) <0.001 *
PWTTMAX (ms) 227 (168–301) 228 (168–301) 220 (179–269) 0.048 *
PWTTMIN (ms) 202 (146–270) 198 (146–270) 212 (168–265) 0.551
SBPBL (mmHg) 115 (85–161) 115 (85–160) 117 (86–182) 0.197
SBPLA (mmHg) 116 (79–182) 117 (86–182) 116 (79–173) 0.536

HRBL (bpm) 72 (42–122) 72 (42–122) 72 (48–102) 0.896
HRLA (bpm) 78 (45–128) 78 (45–128) 77 (45–112) 0.766

* Indicates statistically significant variables p < 0.05. Data shown as mean ± standard deviation, counts (percent),
or median (interquartile range; minimum and maximum). Abbreviations: ASA = American Society of Anesthesi-
ologists; HRBL = baseline heart rate; HRLA = post local anesthesia heart rate; LA = local anesthesia; LPV = large
pulse wave transit time variability group; PWTT = pulse wave transit time; PWTTMAX = crest pulse wave transit
time; PWTTMIN = trough pulse wave transit time; SBPBL = baseline systolic blood pressure; SBPLA = post local
anesthesia systolic blood pressure; SPV = small pulse wave transit time variability group.
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Figure 2. Flow chart of the case selection criteria. * Cases did not receive infiltration anesthesia and
infiltration anesthesia without epinephrine.

The median ΔPWTT was distinctively higher in the LPV group, and there was no
significant difference between the changes in SBP and PWTT variability over 15 ms, which
was the primary outcome of this study. ΔHR was also not significantly different from
PWTT variation. (Table 2).

Table 2. Mann–Whitney test of LPV toward ΔSBP and ΔHR.

Variables
LPV SPV p Value

(n = 357) (n = 128)

ΔPWTT (ms) 31 ((−15)–(−88)) 10 ((−14)–6) <0.001 *
ΔSBP (mmHg) 0 ((−39)–63) −1 ((−43)–32) 0.072

ΔHR (bpm) 5 ((−36)–180) 3 ((−14)–179) 0.626
* Indicates statistically significant variables p < 0.05. Data shown as median (interquartile range; minimum and
maximum). Abbreviations: HR = heart rate; LPV = large pulse wave transit time variability group; PWTT = pulse
wave transit time; SBP = systolic blood pressure; SPV = small pulse wave transit time variability group.

Regarding variables from the medical histories, there were significant differences in
hypertension, cardiac disease, and hepatitis c between the two groups. Hypertension and
obesity are more prevalent in the LPV group (Table 3).

3.2. Results from Logistic Regression Analysis

Independent risk factors for LPV were age (odds ratio [OR] = 0.974, 95% confidence
interval [CI] = 0.96–0.99), LA cartridge (OR = 2.417, 95% CI = 1.7–3.2), hypertension
(OR = 1.896, 95% CI = 1.07–3.5), and dental treatment phobia (OR = 1.74, 95% CI = 1.07–3.03)
(Table 4). All clinical characteristics were included as variables in logistic regression anal-
ysis using the backward stepwise likelihood method. The probability of exhibiting LPV
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increased 2.4-fold for every additional LA cartridge used. Patients with hypertension and
dental treatment phobia have a likelihood of more than 1.5 times to establish LPV. However,
increasing age was found to be less likely to experience LPV.

Table 3. Descriptive and univariate analysis of medical history variables from overall reviewed cases.

Variables 1
Descriptive Analysis Univariate Analysis

Overall Cases (n = 485) LPV (n = 357) SPV (n = 128) p Value

Hypertension 128 (26.4%) 77 (60.2%) 51 (39.8%) <0.001 *
Cardiac disease 21 (4.3%) 11 (52.4%) 10 (47.6%) 0.024 *

Hepatitis C 2 (0.4%) 0 (0%) 2 (1.6%) 0.018 *
Cerebral hemorrhage 3 (0.6%) 3 (100%) 0 (0%) 0.298

Cerebral infarction 3 (0.6%) 2 (66.7%) 1 (33.3%) 0.784
Epilepsy 10 (2.1%) 7 (70%) 3 (30%) 0.794

Depression 15 (3.1%) 11 (73.3%) 4 (26.7%) 0.98
Other mental illness 44 (9.1%) 32 (72.7%) 12 (27.3%) 0.69

Asthma 47 (9.7%) 36 (76.6%) 11 (23.4%) 0.619
Emphysema 2 (0.4%) 1 (50%) 1 (50%) 0.448

Other respiratory disease 18 (3.7%) 14 (77.8%) 4 (22.2%) 0.683
Liver/biliary tract disease 1 (0.2%) 1 (100%) 0 (0%) 0.549
Kidney/urinary disease 10 (2.1%) 7 (70%) 3 (30%) 0.797

Obesity 2 62 (12.7%) 39 (62.9%) 23 (37.1%) 0.041 *
Diabetes 21 (4.3%) 12 (57.2%) 9 (42.8%) 0.08

Other metabolic disease 10 (2.1%) 9 (90%) 1 (10%) 0.235
Gynecological disease 7 (1.4%) 6 (85.7%) 1 (14.3%) 0.464

Dental treatment phobia 214 (44.1%) 156 (72.9%) 58 (27.1%) 0.711
Glaucoma 20 (4.1%) 13 (65%) 7 (35%) 0.372

Hyperactive pharyngeal reflex 46 (9.5%) 32 (69.6%) 14 (30.4%) 0.513
Hyperlipidemia 45 (9.3%) 30 (66.7%) 15 (33.3%) 0.267

Autoimmune disease 13 (2.7%) 12 (92.3%) 1 (7.7%) 0.121
Vasovagal syncope 11 (2.3%) 7 (63.6%) 4 (36.4%) 0.448

Alcohol consumption 141 (29.1%) 103 (73%) 38 (27%) 0.833
Smokers 42 (8.6%) 33 (78.6%) 9 (21.4%) 0.458

* Indicates statistically significant variables p < 0.05. Data shown as counts (percent). 1 Medical history are
not mutually exclusive because patients can have more than one criterion. 2 body mass index over than 25.
Abbreviations: LPV = large pulse wave transit time variability group; SPV = small pulse wave transit time
variability group.

Table 4. Logistic regression analysis on clinical characteristic toward LPV.

Characteristics B (sd)
Odds Ratio (95%

CI)
p Value

Age (years) −0.025 (0.009) 0.974 (0.96–0.99) 0.006 *
Local anesthesia cartridge (1.8 mL) 0.868 (0.158) 2.417 (1.7–3.2) <0.001 *

Hypertension (Yes) 0.663 (0.303) 1.896 (1.07–3.5) 0.028 *
Dental treatment phobia (Yes) 0.591 (0.264) 1.74 (1.07–3.03) 0.025 *

Constant −0.614 (1.221) 0.541 (-) 0.615
* Indicates statistically significant variables p < 0.05. Abbreviations: HR = heart rate; LPV = large pulse wave
transit time variability group.

Supplementary Analysis

Based on the result that PWTT varies significantly in response to increased LA use,
which means increased epinephrine use, we decided to perform an additional analysis of
the cut-off values of epinephrine dose at which the PWTT changed by >15 ms, using the
receiver operating characteristic curve analysis and Youden index. The results showed
that at a dose of 36.25 μg of epinephrine, the PWTT began to fluctuate for >15 ms (Youden
index: 1.281, sensitivity: 69.5%) (Figure 3).
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Figure 3. Receiver operating characteristic curves representing epinephrine cut-off value with Youden index.

As a post-hoc analysis, the relationship between ΔPWTT and ΔSBP was determined
using Spearman’s correlation. This analysis showed a statistically significant positive
correlation between PWTT variability and SBP change (rs = 0.196, p < 0.001) (Supplementary
Table S1).

Furthermore, we used a multiple regression model to confirm the association of
ΔPWTT with clinical characteristics, using the same data to confirm the factors influencing
ΔPWTT obtained from the logistic regression analysis. Age, LA cartridge, respiratory dis-
ease, and phobia were statistically significant factors for PWTT variability (Supplementary
Table S2).

4. Discussion

The main outcome of our study was the early detection of changes in BP because of
large changes in PWTT. The vital monitor used in this study triggers NIBP measurement
in situations when a variation in PWTT of >15 ms is detected and the estimated SBP (a
PWTT variation of >15 ms is defined as a 20 mmHg increase in SBP) remains above the
alarm limit for more than 8 s [12]. Although we used only this PWTT variation (PWTT
variability > 15 ms) as our threshold, it was not sufficient to detect BP changes in this
study. A previous study found that PWTT was related to stroke volume (SV) but a change
in BP was not related to SV [15]. Therefore, a large PWTT variability that occurs under
stimulation does not always reflect BP changes. Another possibility is that because NIBP
measurement takes at least 10 s, PWTT changes > 15 ms may reflect NIBP changes only
if the change lasts for a certain period of time. However, the association between PWTT
and BP changes exists because we found significant positive correlation between PWTT
variability and SBP changes from our supplementary analysis (data was not presented,
available as Supplementary Materials). Even the slightest PWTT change might reflect
changes in SBP; therefore, smaller PWTT thresholds can be considered for detecting BP
fluctuations. However, a small change might be an excessive trigger, and it is necessary to
reconsider whether these BP fluctuations are clinically meaningful.

We conducted a logistic regression analysis to identify factors related to LPV dur-
ing dental procedures performed under IVCS and found that increased LA use, younger
age, hypertension, and phobia were independent clinical characteristics. As a validation,
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multiple regression analysis was performed, and the results were similar to those of lo-
gistic regression analysis. These results raised the certainty that ΔPWTT increased with
the amount of LA that was administered and presence of dental treatment phobia and
decreased with factors such as advanced age, which means that these factors were related
to the vessel wall compliance. PWTT reflects vessel wall compliance and is influenced by
vascular resistance but not cardiac output [16]. Briefly, epinephrine in local anesthetics
changes the somatic vascular resistance via α-action, resulting in increased vascular resis-
tance and shortened PWTT. Moreover, epinephrine increases the HR and SV of the heart,
leading to an increase in the cardiac output because of the action on β-adrenergic receptors.
However, β-receptor stimulation with low doses of epinephrine dilate arterial vessels in
the visceral and skeletal muscles, resulting in lower vascular resistance [17]. This suggests
that the increase in BP because of α-action can be attenuated by the β-action. Therefore,
the administration of local anesthetics may cause changes in PWTT but may not reflect
changes in BP. This may be one of the reasons why we did not find a statistically significant
difference between the LPV and ΔSBP in our study.

Vessel wall contraction affects systemic vascular resistance, which is one of the factors
that defines BP [18]. However, variations in PWTT associated with local anesthetic injections
may reflect not only peripheral vasoconstriction but also SV, i.e., the entire hemodynamic
change. Therefore, an additional analysis was performed to determine the cut-off dose
of epinephrine, which revealed that a dose of 36.25 μg of epinephrine was the cut-off
value. One milliliter of 2% lidocaine with 1:80,000 epinephrine solution contains 12.5 μg of
epinephrine, which is approximately equivalent to three 1.8 mL LA cartridges at this cut-off
value. Previous studies have indicated that 18–36 μg of epinephrine may have little clinical
change in most patients, including those with hypertension or other cardiac diseases,
but ≥36 μg epinephrine may have some effect on the circulating system by significantly
increasing SV and cardiac output [19–21]. An increase in SV also increases pulse wave
propagation; therefore, a large PWTT variability is expected to occur [15]. LPV may not
reflect BP changes but may reflect hemodynamic changes that are not reflected in BP.

The incidence of LPV increased in hypertension. A previous study reported that pulse
pressure and PWTT are associated with vasoconstriction in adults [22]. Aortic compliance
in hypertensive patients decreases with age, resulting in an increase in pulse pressure
and SBP, whereas peripheral vessel wall compliance remains relatively unchanged [23].
A higher pulse pressure may lead to a more pronounced anterior pulse pressure wave
toward peripheral sites, which is larger in amplitude and steeper in pulse wave elevation,
indicating a steeper increase in PWTT [24]. Moreover, under stimuli such as epinephrine,
hypertension does not alter peripheral compliance, but decreases the aortic wall compliance.
Therefore, hypertension may show large PWTT variability.

Dental treatment phobia in this study was defined as patients who feel fear or anxiety
of undergoing dental treatment, which patients usually do not feel. A psychological exper-
iment reported a strong correlation between PWTT and stress [25]. Patients with dental
phobia may exhibit increased respiratory rate, HR, vasoconstriction, and BP [26]. These
reactions are caused by the activation of the sympathetic nervous system and hormone
release, such as epinephrine, which increases PWTT variability. Endogenous release of
catecholamines, specifically epinephrine, increases 20–40 times under stress, including anx-
iety, compared with normal conditions [27]. Circulating epinephrine has been implicated
as a contributor to embedding non-conscious emotional memories of fearful or threaten-
ing events in the amygdala [28]. When emotional memory is embedded too strongly in
the amygdala, it can produce a heightened fear response to external events that is out of
proportion to the actual nature of the problems, such as patients with a history of very
painful dental treatment developing dental phobia [29]. Since emotional memories stored
in the amygdala cannot be consciously controlled, it can be difficult to eradicate or regulate
events perceived as stressors. This memory triggers a chronic fear response and places
the brain, body, and mind in a constant state of alertness, resulting in a greater release of
epinephrine [30]. Endogenous epinephrine in patients with dental phobia may remain in
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the body after receiving IVCS, and subsequent administration of LA immediately activates
β1 receptors, thereby increasing the intensity of vascular wall contraction [31]. Therefore,
large fluctuations in PWTT are likely to occur in patients with dental phobia.

The incidence of LPV is lower in the older population. Repetitive contraction-relaxation
with aging is thought to change vessel wall properties, reducing the elastic fibers of the
vessel wall [32]. A decrease in vascular wall compliance should result in large PWTT
fluctuations during vasoconstrictor stimulation; however, the reason for the opposite result
in this study is unclear.

In this study, we found that the threshold of PWTT variations of >15 ms did not
reflect changes in NIBP. However, on the basis of the association of ΔPWTT with ΔSBP
and the epinephrine cut-off values, it is possible that PWTT variability can detect early
hemodynamic changes after the administration of epinephrine-containing LA. Since PWTT
is substantially influenced by vessel wall compliance and peripheral arterial resistance,
PWTT may reflect fluctuations in not only the blood pressure but also in the circulation
following administration of LA. Further, PWTT fluctuations can be observed noninvasively
using conventional vital sign measurements. PWTT measurement remains a potential
simple and affordable alternative to systemic vascular resistance measurements in patients
with systemic diseases who receive dental treatment [33].

This study has certain limitations. The main limitation of this study was its retrospec-
tive nature, which makes it susceptible to selection bias. Although we attempted to control
for confounding factors by collecting data in a comprehensive manner, there may still
be unknown biases, such as differences in surgical management, consciousness level, or
sedative agents used. Second, there is a disparity in the interval between LA administration
and BP measurement in our study. In addition, we did not classify the arterial stiffness or
identify related factors that may have significantly affected the PWTT. Future prospective
studies must consider these factors and the measurement of parameters, including PWTT
and vital signs, at the same time points.
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Abstract: Anesthesia emergence is accompanied by changes in cerebral circulation. It is unknown
whether cerebral tissue oxygen saturation (SctO2) could be an indicator of emergence. Changes in
SctO2, bispectral index (BIS), mean arterial pressure (MAP), and heart rate (HR) were evaluated
during the emergence from propofol-remifentanil anesthesia. At the time of cessation of anesthetic
delivery, SctO2, BIS, MAP, and HR values were recorded as baseline. The changes of these param-
eters from the baseline were recorded as Δ SctO2, Δ BIS, Δ MAP, and Δ HR. The behavioral signs
(body movement, coughing, or eye opening) and response to commands (indicating regaining of
consciousness) were used to define emergence states. Prediction probability (Pk) was used to examine
the accuracy of SctO2, BIS, MAP, and HR as indicators of emergence. SctO2 showed an abrupt
and distinctive increase when appearing behavioral signs. BIS, MAP, and HR, also increased but
with a large inter-individual variability. Pk value of Δ SctO2 was 0.97 to predict the appearance
behavioral signs from 2 min before that, which was much higher than the Pk values of Δ BIS (0.81),
Δ MAP (0.71) and Δ HR (0.87). The regaining of consciousness was associated with a further increase
in the SctO2 value.

Keywords: general anesthesia; cerebral tissue oxygen saturation; near-infrared spectroscopy; emergence

1. Introduction

Emergence from anesthesia is the final stage of anesthesia with the transition from
unconsciousness to wakefulness. Rapid and accurate identification of the emergence
state is critical for patient safety and reducing the risk of anesthesia. In clinical practice,
anesthesiologists conventionally assess the level of arousal based on the interpretation of
clinical signs and symptoms [1]. However, the different experience and the subjectivity
of the practitioners could bias the interpretation. In addition, medical conditions, such
as motor dysfunction or psychiatric disorders, can also confuse decision-making based
on clinical assessment [2,3]. A combination with objective techniques that indicate the
state of arousal is therefore essential for a better control of anesthesia emergence and
patient’s wellbeing.

Currently, electroencephalogram (EEG)-derived brain monitors, such as Bispectral
Index (BIS), SEDLine, entropy, narcotrend, and auditory evoked potential (AEP) are used
to measure the anesthesia and emergence states [4–7]. Intraoperatively, monitoring of EEG
response has been shown to improve the ability of anesthesiologists to titrate anesthetic
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drugs and reduce the risk of awareness [8,9]. However, these monitoring systems have
limitations when used to indicate the emergence from anesthesia [10]. First, EEG-based
algorithms are poor at tracking rapid changes during emergence. BIS and AEP index
have weak predictive power with respect to movement in response to noxious stimuli [11].
BIS and entropy showed wide inter-individual variability and thus did not reliably dif-
ferentiate consciousness from unconsciousness [12]. Second, these EEG monitors do not
reflect the hypnotic state consistently. Tiefenthaler et al. [13] have shown that only 20%
of BIS, AEP index and entropy values simultaneously categorized the state of anesthesia
and wakefulness.

The anesthesia emergence is associated with increased neural activities [14,15], in-
creased cerebral metabolic rate of oxygen (CMRO2), and increased cerebral blood flow
(CBF) [16–18]. Currently, there are no clinical monitors that directly assess CMRO2 and
CBF. Instead, the CMRO2-CBF balance can be monitored using cerebral oximetry based on
near-infrared spectroscopy [19,20]. No studies have reported the change on cerebral tissue
oxygen saturation (SctO2) during emergence.

Neuronal activation alters the CMRO2-CBF balance as it typically leads to a more pro-
nounced increase in the CBF than in the CMRO2 due to cerebral coupling [21–23]. Previous
studies reported that the concentration of deoxyhemoglobin was reduced during emer-
gence from general anesthesia [24,25], indicating that cerebral oxygen supply may exceed
the oxygen extraction. Therefore, in this observational cohort study, we hypothesize that
SctO2 increases during anesthesia emergence. Our aim was to compare the pattern of SctO2
change with that of BIS change during emergence from propofol-remifentanil anesthesia,
and to evaluate whether SctO2 could be an objective indicator of anesthesia emergence.

2. Methods

2.1. Study Design and Setting

This is an observational cohort study, which was conducted at Xiangya Hospital
of Central South University from 15 April 2019 to 10 January 2020. All procedures of
this study were approved by the Ethics Committee of Xiangya Hospital of Central South
University (IRB No.201904111) and written informed consent was obtained from all subjects
participating in the trial. The trial was registered prior to patient enrollment on the Chinese
Clinical Trial Registry (Ref: ChiCTR1900021122, Principal investigator: Changsheng Huang,
Date of registration: 29 January 2019). The work has been reported in line with the
STROCSS criteria [26].

2.2. Participants

Patients who (1) were going to undergo general anesthesia and patients whose (2) age
were 18 yr or older, and (3) ASA classification ranged from I to III were included. Patients
who (1) had severe intraoperative organ failure requiring rescue, (2) were going to undergo
craniocerebral surgery, (3) were unwilling to participate in the study or had participated
in other clinical studies, (4) comorbid with serious diseases, and had a history of central
nervous system diseases, cerebrovascular disease, cognitive impairment, mental disorders,
and communication disorders were excluded. During the study, participants who had
(1) postoperative agitation, (2) postoperative hypoxemia, (3) a deficiency of data and
(4) medications that may affect the results (sedatives, central stimulants, etc.) after cessation
of anesthetic delivery were eliminated.

2.3. Study Procedures

Anesthesia monitors were applied prior to the start of anesthetic delivery. The mon-
itors included noninvasive blood pressure, electrocardiogram, pulse oximetric oxygen
saturation (SpO2), body temperature, BIS and SctO2. The BIS VISTA monitor (Aspect
Medical Systems, Newton, MA, USA) was used and the electrodes were placed on the
left side of the patient’s forehead in accordance with the manufacturer’s instructions. The
SctO2 was monitored using a FORE-SIGHT Cerebral Oximeter (CAS Medical Systems,
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Branford, CT, USA). The NIRS pads were placed on the right side of the patient’s fore-
head directly over the eyebrow and the signal was adjusted to a full signal state [27]
(Supplementary Figure S1).

Anesthesia was induced with midazolam 0.15 mg kg−1, etomidate 0.3 mg kg−1, sufen-
tanil 0.5 μg kg−1 and cisatracurium 0.15 mg kg−1, followed by endotracheal intubation.
Anesthesia was then maintained using propofol 100–200 μg kg−1 min−1 and remifentanil
0.05–0.25 μg kg−1 min−1. The rate of propofol administration during maintenance of
anesthesia was adjusted to keep the BIS value between 40–60. To minimize the influence of
residual paralysis on the evaluation of anesthesia recovery during the maintenance period,
no muscle relaxants were used or the last injection of muscle relaxants was more than one
hour before the end of the operation, provided that the anesthesia management has reached
clinical needs.

At the end of the surgery, the delivery of anesthetics was stopped. The mechanical
ventilation was kept at a fraction of inspiration oxygen (FiO2) of 30%, and the ventilation
parameters were adjusted to maintain the SpO2 at 95–100% and the end-tidal carbon
dioxide (EtCO2) at 35–40 mmHg. The patients were carefully guarded without intentional
disturbance until they showed spontaneously appearing behavioral signs, such as body
movement, coughing and eye opening [28–30]. Once the behavioral signs were identified,
the patients were tested to determine whether they regained consciousness or not. The
regaining of consciousness was defined if the patients was arousable and able to respond
to commands, including directed eye movements and hand shaking. The test was repeated
at a 2 min interval until the patient regained consciousness. The patients were given
neostigmine 0.04 mg kg−1 plus atropine 0.01 mg kg−1 to reverse residual neuromuscular
block. The extubation was performed when the patients maintained EtCO2 < 45 mm Hg
and SpO2 > 95% with spontaneous breathing room air.

The emergence period was defined as the time from the cessation of anesthetic delivery
until the patient regained consciousness. At the beginning of emergence, the SctO2, BIS,
MAP and HR values were recorded as baseline values. They were continuously recorded
thereafter at a 2 min interval during the emergence period. The changes of these parameters
over the baseline values were recorded as Δ SctO2, Δ BIS, Δ MAP, and Δ HR, as we described
above. The Δ SctO2, Δ BIS, Δ MAP, and Δ HR were compared at the following time-points
during anesthesia emergence, 2 min before the appearance of behavioral signs, appearance
of behavioral signs and regaining of consciousness.

2.4. Statistical Analysis

Based on the results of our previous observations, the difference of SctO2 between
“2 min before appearance of behavioral signs” and “Appearance of behavioral signs” to
detect was 2.2, with a standard deviation of 7.5 in the “Appearance of behavioral signs” and
an autocorrelation of 0.665. Therefore, a sample size of 190 was required with power of 90%,
and a significance level of 0.05. Taking into account the possible 5% dropout rate, the total
sample size required was 200. The “Test for Two Means in a Repeated Measures Design”
mode of PASS 11 (NCSS, LIc., Kaysville, UT, USA) was used to perform these calculations.

Data were presented as mean ± SD (standard deviation) or numbers and percentages
(%). All statistical analyses were conducted using SPSS 18.0 (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA). Shapiro–Wilk
test was used for evaluation of data distribution. To compare normally distributed vari-
ables between the two groups, independent t-test was used if their variances were equal
(using Levene’s test to assess the equality of variances), or Welch’s t-test was used if their
variances were not equal. To compare non-normally distributed variables between the
two groups, Mann–Whitney U test was used. To compare variables between the two time
points within one group of patients, paired t-test was used if the variables were normally
distributed, and Wilcoxon matched pairs signed rank test was used if the variables were
not normally distributed.
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The accuracy of Δ SctO2, Δ BIS, Δ MAP, and Δ HR to predict the appearance of
behavioral signs (“appearance of behavioral signs” versus “2 min before appearance of
behavioral signs”) was analyzed with the prediction probability (Pk). Pk was calculated for
all parameters using a custom spreadsheet macro, PKMACRO, as previously described [31].
A paired t-test was used for the comparison between Pk values of two monitors. A Pk
value of 1 means that the value of the predicting variable always correctly predicts the
variable to be predicted. A Pk value of 0.5 means that the indicator prediction is no
better than chance alone. Pk and its standard error were estimated with the jack-knife
method, based on the assumption that all assessments were independent. A receiver
operating characteristic (ROC) curve and the associated areas under the curves (AUC) were
generated to characterize the sensitivity and specificity of Δ SctO2, Δ BIS, Δ MAP, and
Δ HR in detecting the appearance of behavioral signs. The comparison between the AUC
of ROC curves was performed by the method of DeLong test [32] using MedCalc v. 10.4.7.0
software (MedCalc Software bvba, Mariakerke, Belgium). A p value < 0.05 was considered
statistically significant.

3. Results

3.1. Study Population

A total of 218 patients were enrolled in this study. A total of 24 patients among them
were eliminated due to data missing (14 patients) or due to hypoxemia or agitation during
the period of emergence (10 patients). Eventually, 194 patients completed the study; in
addition, 162 of them regained consciousness as soon as the behavioral signs appeared, and
the other 32 patients regained consciousness later (Figure 1). The demographic characteris-
tics, types of surgery, intraoperative medications and duration of anesthesia of the patients
are shown in Table 1. During the anesthesia emergence, there were no consumption of
sedatives, central stimulants, and vasoactive medications.

 

Figure 1. Flow chart of participants’ screening and recruitment.
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Table 1. Patients’ demographic characteristics, types of surgery, intraoperative medications, and
duration of anesthesia.

Characteristics Patients (n = 194)

Age (y) 49.41 ± 12.39
Male, n (%) 91 (46.91)
BMI (kg (m−2)−1) 23.03 ± 2.86
ASA classification, n (%)

II 120 (61.86)
III 74 (38.14)

Comorbidities, n (%)
Hypertension 55 (28.35)
Current smoker 54 (27.84)
Diabetes 29 (14.95)
Coronary artery disease 24 (12.37)
Asthma 21 (10.82)
Chronic obstructive pulmonary disease 12 (6.19)
Obesity a 5 (2.58)

Type of surgery, n (%)
Head and neck 47 (24.23)
General 63 (32.47)
Gynecological 25 (12.89)
Thoracic 18 (9.28)
Orthopedic 8 (4.12)
Spinal 7 (3.61)
Vascular 7 (3.61)
Plastic 5 (2.58)
Other 14 (7.21)

Intraoperative medications
Midazolam (mg) 7.20 ± 1.99
Sufentanil (μg) 36.88 ± 9.55
Cisatracurium (mg) 16.62 ± 3.80
Etomidate (mg) 22.40 ± 14.60
Propofol (mg kg−1) 17.75 ± 9.44
Remifentanil (μg kg−1) 25.88 ± 13.84

Duration of anesthesia (min) 134.39 ± 67.20
Values are mean ± SD or numbers and percentages (%). BMI, body mass index; ASA, American Society of
Anesthesiologists. a Defined as body mass index greater than 30.

3.2. Appearing of Behavioral Signs during Emergence Is Associated with an Abrupt and
Distinctive Increase in SctO2 Value

At the beginning of anesthesia emergence, the baseline value of SctO2 was 70 ± 6%
and it remained stable during the early stage of anesthesia emergence before the behavioral
signs appeared. The Δ SctO2 at 2 min before behavioral signs appeared was 0 ± 1%.
At the moment of the appearance of behavioral signs, the Δ SctO2 was 6 ± 3%, which
was significantly higher than 2 min before that (p < 0.001), demonstrating an abrupt and
distinctive increase in SctO2 value within such a short interval (Table 2). Multivariable
linear regression analyses showed that there was no association of SctO2 with MAP, HR,
SpO2, or EtCO2 (Supplementary Table S1).

The baseline values of BIS, MAP, and HR are shown in Table 2. At the moment when
behavioral signs appeared, the Δ BIS, Δ MAP, and Δ HR were higher than the values 2 min
before, although with a large inter-individual variability among the patients (p < 0.001,
Table 2). The Δ SctO2 showed no correlation with Δ MAP or Δ HR (Supplementary
Figure S2), further demonstrating that the SctO2 value was changed independently of the
hemodynamic alterations during the emergence.
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Table 2. Physiological values from the beginning of emergence to the appearance of behavioral signs.

Baseline *

Changes over Baseline #

2 Min before Appearance of
Behavioral Signs & Appearance of Behavioral Signs p Values $

SctO2 (%) 70 ± 6 0 ± 1 6 ± 3 <0.001
BIS 65 ± 8 6 ± 6 16 ± 9 <0.001

MAP (mmHg) 89 ± 13 1 ± 5 5 ± 7 <0.001
HR (bpm) 60 ± 10 1 ± 5 13 ± 10 <0.001

Data are mean ± SD. SctO2, cerebral tissue oxygen saturation; BIS, bispectral index; MAP, mean arterial pressure;
HR, heart rate. * “Baseline” refers to the values of SctO2, BIS, MAP and HR recorded at the beginning of emergence.
# “Changes over baseline” refers to the difference between the values of SctO2, BIS, MAP and HR at 2 min before
the appearance of behavioral signs or at the moment of appearance of behavioral signs and the baseline values
of each variable. & “Behavioral signs” refers to the first appearance of behavioral signs indicating emergence,
including body movement, coughing or eye opening. $ The value changes of SctO2, BIS, MAP and HR at “2 min
before appearance of behavioral signs” versus “appearance of behavioral signs”, p < 0.001, using Wilcoxon
matched-pairs signed rank test.

3.3. SctO2 Is a Prompt and More Reliable Indicator of Appearing Behavioral Signs during
Anesthesia Emergence Than BIS, MAP, and HR

The distinctive increase in SctO2 associated with the appearance of behavioral signs
was prominent and could easily be identified in the output graph of the SctO2 monitor
(Figure 2A). In contrast, the increase in BIS value at the appearance of behavioral signs was
not particularly different when compared with other time points, since the BIS value rose
in a relatively steady pattern during the whole process of anesthesia emergence (Figure 2B).
Of the total of 194 patients investigated, 193 of them showed an increase in the SctO2
value at the appearance of behavioral signs compared to 2 min before the behavioral signs
appeared (Figure 2C), indicating that the increase in SctO2 at the moment of the appearance
of behavioral signs was a rather universal phenomenon during the emergence from general
anesthesia. However, the changes in individual BIS values were not as consistent as SctO2
when behavioral signs appeared (Figure 2D). Using Pk analysis to evaluate the ability to
predict the appearance of behavioral signs based on the changes of these parameters 2 min
before, the Pk score of Δ SctO2 was 0.97, which was much higher than Δ BIS (Pk: 0.81),
Δ MAP (Pk: 0.72), and Δ HR (Pk: 0.87) (p < 0.001, Table 3). The same results were obtained
using the ROC analysis and the subsequent DeLong test (Table 3, Supplementary Figure S3).
These results demonstrated that SctO2 is a prompt and more reliable indicator of anesthesia
emergence than BIS, MAP, and HR, within a 2 min interval before behavioral signs appear.

Table 3. Prediction performance of the four parameters for the appearance of behavioral signs.

Pk SE AUC 95% CI

Δ SctO2 0.97 0.01 0.97 0.95–0.99
Δ BIS 0.81 *** 0.02 0.81 ### 0.77–0.85

Δ MAP 0.72 *** 0.03 0.72 ### 0.67–0.76
Δ HR 0.87 *** 0.02 0.87 ### 0.83–0.90

Pk, prediction probability; SE, standard error; AUC, the associated areas under the receiver operating characteristic
(ROC) curves; CI, confidence interval. Δ SctO2, Δ BIS, Δ MAP, and Δ HR refer to the changes of SctO2, BIS, MAP,
and HR values over the baseline value of each parameter. The accuracy of Δ SctO2 to predict the appearance of
behavioral signs (“appearance of behavioral signs” versus “2 min before appearance of behavioral signs”) was
higher than that of Δ BIS, Δ MAP, and Δ HR, *** p < 0.001, Pk analysis followed by paired t-test; ### p < 0.001, ROC
analysis followed by DeLong test.

We further investigated the changes of SctO2, BIS, MAP and HR in the patients who
received a certain type of surgery, including general surgery (n = 63), head and neck surgery
(n = 47) and gynecological surgery (n = 25) (Supplementary Table S2), and evaluated the
performance of these parameters in predicting anesthesia emergence. The Pk score of
Δ SctO2 to predict the appearance of behavioral signs was 0.96 in general surgery patients,
0.99 in head and neck surgery patients and 0.97 in gynecological surgery patients, which
were much higher than that of Δ BIS, Δ MAP, and Δ HR (p < 0.001, Supplementary Table S3).
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Although we did not evaluate the changes of these parameters in the patients who received
other types of surgery due to the small number, our results suggested that the increase in
SctO2 is a common phenomenon during anesthesia emergence. The SctO2 indicated the
appearance of behavioral signs regardless of the type of surgery the investigated patients
received in our study.

Figure 2. Changes of SctO2 and BIS values from baseline to the appearance of behavioral signs.
(A,B) Representative graphs of monitor output of SctO2 and BIS. At the moment of appearing
behavioral signs, the SctO2 value had an obvious peak increase (A). The BIS value increased in a
relatively stable manner during the emergence period, and there was no special change when the
patient had behavioral signs (B). (C,D) Changes of individual SctO2 and BIS values (n = 194). SctO2

value remained relatively stable from the baseline to 2 min before the appearance of behavioral signs,
while it was increased in almost every patient when the behavioral signs were appeared (C). Changes
of BIS value from baseline to the appearance of behavioral signs showed large inter-individual
variations (D). The black lines represent individual SctO2 or BIS values, which were increased at the
moment when the behavioral signs appeared compared to 2 min before, while the red lines represent
the individual values decreased or unchanged during this interval.

3.4. The SctO2 Is Further Increased from the Appearance of Behavioral Signs to the Regaining
of Consciousness

The 162 patients who regained consciousness as soon as the behavioral signs appeared
and the other 32 patients who did not regain consciousness at the same time showed no
differences in their demographics, intraoperative medications or duration of anesthesia
(Supplementary Table S4). However, at the moment of the appearance of behavioral signs,
the Δ SctO2 was higher in the group of the 162 patients who regained consciousness than
in the group of the 32 patients who did not regain consciousness (p < 0.001, Figure 3A).
In these 32 patients, the consciousness returned in 8.25 ± 6.87 min after the onset of
behavioral signs. Interestingly, within these patients, the Δ SctO2 was higher at the moment
of regaining consciousness than at the moment when only the behavioral signs appeared
(p < 0.01, Figure 3B). Multivariable linear regression analyses showed that the SctO2 was
not associated with MAP, HR, SpO2, or EtCO2 (Supplementary Table S1). These results
further indicate that the increase in SctO2 correlated with the process of emergence.
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Figure 3. Increase in SctO2 value is related to regaining of consciousness. (A) At the moment of the
appearance of behavioral signs, the change of SctO2 over the baseline (Δ SctO2) was higher in the
patients who also regained consciousness (n = 162) than those who did not regain consciousness
(n = 32), *** p < 0.001, Mann–Whitney U test. (B) Within the 32 patients who regained consciousness
later than the appearance of the behavioral signs, the Δ SctO2 was higher at the moment of regaining
consciousness than at the moment of behavioral sign appearance, ** p < 0.01, paired t-test.

4. Discussion

In this study, we identified an abrupt and distinctive increase in SctO2 as soon as
the patient showed behavioral signs during the emergence from propofol-remifentanil
anesthesia. The BIS, MAP, and HR values were also increased, but with a relatively high
inter-individual variability at the appearance of behavioral signs. The measurement of
SctO2 showed a higher accuracy to predict anesthesia emergence than that of BIS, MAP,
and HR, within a 2 min interval prior to the appearance of behavioral signs. The regaining
of consciousness was associated with a higher SctO2 value than when only behavioral
signs appeared, indicating a relationship between the increase in SctO2 and the recovery of
consciousness after general anesthesia.

SctO2 monitoring has been extensively used to provide an index of organ ischemia [20].
This study shows for the first time that SctO2 could be an indicator of anesthesia emergence.
SctO2 remained stable during the early stage of emergence and was not changed until the
behavioral signs appeared. The abrupt and distinctive increase in SctO2 associated with
the appearance of behavioral signs could be easily identified by the anesthesia practition-
ers via the monitor, and then the assessment for extubation could be conducted timely,
thus contributing to early tracheal extubation and less man-machine counteraction. In
clinical practice, anesthesiologists tend to use behavioral signs to determine the timing
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of extubation. However, in some settings, especially when caring for multiple patients
awaiting anesthetic awakening and extubation (e.g., in a post-anesthesia care unit), anes-
thesiologists sometimes do not detect behavioral signs in a timely manner. Therefore, a
sudden increase in SctO2 can be a more effective indicator of patient awakening because it
is more visible than behavioral signs. Moreover, the increase in SctO2 during emergence
was a common phenomenon and was not influenced by the type of surgery. We further
showed that changes in the SctO2 value were not related to changes in hemodynamic
parameters including MAP and HR. This is consistent with previous reports showing that
the emergence-related changes in cerebral circulation were not related to the systemic hemo-
dynamic changes [33]. Taken together, our results suggest that SctO2 could be a prompt
and reliable indicator of emergence from anesthesia. However, it should be noticed that
several factors may influence cerebral oxygen transport and oxygen saturation including
hematocrit, inspiratory oxygenation, and ventilation [34,35]. It is essential to maintain a
stable concentration of hemoglobin, FiO2, SpO2, and EtCO2 when using the SctO2 to assess
the emergence from anesthesia.

The BIS, MAP and HR showed patterns of changes which were different from that
of SctO2 during emergence. BIS values were progressively increased from the beginning
of emergence and there was no distinctive change at any state of the emergence period.
Moreover, the changes of BIS showed a relatively large inter-individual differences among
the patients. Thus, different from the increase in SctO2 which indicated the behavioral signs
within a 2 min interval, the change of BIS did not rapidly and reliably reflect the transition
of emergence state [10,36]. The changes of MAP and HR also showed large individual
differences during the emergence, probably due not only to the influence of anesthetics, but
also to many other clinical factors that can cause systemic hemodynamic changes [37–39].

It has been accepted that anesthesia emergence does not establish at once but in a
bottom-up manner [40]. After ceasing anesthetics, there will be a slow return of brainstem
reflexes, eventually leading to uncoordinated body movements that occur shortly before
subjects regain consciousness [40,41]. We showed that the regaining of consciousness was
associated with a higher SctO2 value than when only behavioral signs appeared. This result
further indicates that the increase in SctO2 correlated with the process of emergence. How-
ever, the emergence from anesthesia involves a complex interplay of different brain regions
that can show different changes in neuronal activity and circulation [17]. Furthermore, it is
possible that the NIRS only reflects the SctO2 change in the prefrontal cortex [42,43]. Thus,
further studies are needed to better understand the details of cerebral oxygen saturation
changes during anesthesia emergence.

The following limitations of the present study should be noted. First, the neuromuscu-
lar function was not monitored by the train-of-four during the emergence period. In order
to minimize the residual effects of muscle relaxant during the emergence, we included
the patients who did not receive muscle relaxant during anesthesia maintenance or who
received the last injection of muscle relaxant more than one hour before the end of surgery.
However, the potential confounding role of muscle relaxants still could not to be ruled
out when evaluating the physical and behavioral signs during the emergence. Second, the
data of pre-anesthesia induction and during deep anesthesia state were not collected in
the present study. Considering that induction and emergence from general anesthesia are
not mirror opposite processes [12,44], we focused on the evaluation of emergence process.
The baseline of data was set at the beginning of emergence. This might be appropriate for
the measurement of SctO2 which remained stable during the early period of emergence
before the appearance of behavioral signs. However, it should be noted that the depth of
anesthesia may vary among patients, which may lead to individual differences in baseline
and changes in BIS values. Third, the evaluation in this study was only performed in
adult patients. Nevertheless, compared with adult patients, the assessment of pediatric
anesthesia recovery relies more on objective measurement, because children are usually
uncooperative or even nonverbal. Further experiments should be conducted to evalu-
ate whether SctO2 can be used as an indicator of emergence from anesthesia in pediatric
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patients. Fourth, the patients who received volatile anesthesia were not included in this
study. Further studies will be required to compare the SctO2 between the emergence from
anesthesia maintained by total intravenous anesthesia or volatile agents. Fifth, SctO2 moni-
toring is usually applied in some types of surgery, which have a great impact on cerebral
perfusion (e.g., cardiac surgery, carotid endarterectomy). However, most of the surgery
types included in this study did not routinely use SctO2 monitoring in clinical practice.
It may limit the significance of our findings in clinical practice. Despite all this, through
this study, SctO2, as a non-invasive and well performed monitoring, is potentially another
valuable index in the emergence from general anesthesia.

5. Conclusions

The increase in SctO2 correlated with the emergence from propofol-remifentanil anes-
thesia. SctO2 is a more reliable indicator of appearing behavioral signs during anesthesia
emergence than BIS, MAP, and HR, within a 2 min interval prior to the appearance of
behavioral signs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcm11164878/s1, Figure S1: The placement of BIS and
NIRS. Figure S2: There are no correlations between Δ SctO2 and Δ MAP or Δ HR at appearance of
behavioral signs. (A) Δ SctO2 does not correlate with Δ MAP (r = 0.1518, p = 0.0346). (B) Δ SctO2
weakly correlates with Δ HR (r = 0.2159, p = 0.0025). Figure S3: Performance of Δ SctO2, Δ BIS,
Δ MAP and Δ HR in predicting the appearance of behavioral signs using the receiver operating
characteristic (ROC) curves, n = 194. (A) ROC of Δ SctO2, Δ BIS, Δ MAP and Δ HR for predicting
the appearance of behavioral signs. (B,C) Comparison of diagnostic accuracy among Δ SctO2, Δ BIS,
Δ MAP and Δ HR for predicting the appearance of behavioral signs using the diagnostic parameters.
Table S1: The multivariate analysis of SctO2 at with other parameters (EtCO2, SpO2, MAP and
HR), n = 194. Table S2: Physiological values from the beginning of emergence to the appearance of
behavioral signs in patients receiving different types of surgery. Table S3: Performance of Δ SctO2,
Δ BIS, Δ MAP and Δ HR in predicting appearance of behavioral signs in patients receiving different
types of surgeries. Table S4: Main characteristics of patients who regained consciousness when
behavioral signs appeared (n = 162) and those who regained consciousness later than the appearance
of behavioral signs (n = 32).
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Abstract: The thyromental height test (TMHT) has been proposed as a novel single clinical test
for predicting difficult laryngoscopy (DL), though consequent studies have put forward various
estimates when verifying its reliability. This systematic review and meta-analysis aimed to provide a
comprehensive evaluation of the predictive value of TMHT for DL. A computerized search of CNKI,
CQVIP, EBSCO, PubMed, SinoMed, and Wanfang Data was conducted on 1 June 2022. Prospective
cohort studies reporting diagnostic properties of TMHT in relation to Cormack and Lehane grading
in patients aged more than 16 years, either sex, scheduled for surgery under general anesthesia,
requiring tracheal intubation with direct laryngoscopy were included in this analysis. Data was
extracted or calculated, and meta-analysis was done by the Stata MIDAS module. A total of 23 studies
with 5896 patients were included in this analysis. Summary estimates of all included studies are
as follows: sensitivity 74% (95% CI, 68–79%); specificity 88% (95% CI, 81–92%); diagnostic odd
ratio, 20 (95% CI, 10–40); positive likelihood ratio, 5.9 (95% CI, 3.6–9.6); and negative likelihood
ratio, 0.30 (95% CI, 0.23–0.39). Summary sensitivity and specificity for studies with a prespecified
threshold were 82% (95% CI, 71–89%) and 94% (95% CI, 87–98%), respectively. The estimated
area under curve (AUC) was 85% (95% CI, 81–88%). There was no significant threshold effect but
significant heterogeneity in both sensitivity and specificity. Heterogeneity in sensitivity became
insignificant after removing two outliers of sensitivity analysis. It is concluded that THMT has an
overall optimal predictive value for DL in adult patients with diverse ethnicity and various risk
factors, displaying better predictive values in a large patient population comparing to other recent
reported bedside assessments and a previous meta-analysis. As significant heterogeneity brought
by un-standardized application of external laryngeal manipulations in the included studies may
have biased the results of this meta-analysis, the actual predictive value of TMHT for DL still awaits
further studies with good designs and large sample sizes for better determination.

Keywords: thyromental height test; laryngoscopy; airway management; systematic review;
meta-analysis

1. Introduction

A difficult airway is the clinical situation in which a conventionally trained anesthe-
siologist experiences difficulty with facemask ventilation, laryngoscopy and intubation,
supraglottic airway ventilation, extubation, or invasive airway [1]. Adverse airway events
resulting from unanticipated difficult laryngoscopy (DL) or intubation (DI), such as air-
way injury, esophageal intubation, and aspiration, are major causes of anesthesia-related
perioperative morbidity and mortality [2,3]. Although not exactly equivalent to DI, DL is
currently the reliable clinical predictor that signals a warning for high risk of DI. Thus, a
reliable airway assessment test with a high accuracy as the predictor for DL is vital for the
safety of clinical anesthesia.
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Most airway assessment tests, such as upper lip bite test (ULBT), modified Mallampati
test (MMT), and thyromental distance (TMD), have been recommended for preoperative
prediction of DL, but recent robust evidence indicates that no any single airway assessment
test can reliably predict the occurrence of DL [4–7]. To improve predictive accuracy, different
combinations of airway assessment tests have been suggested [4,8,9]. A recent study
showed that the combination of ULBT and MMT had the best predictive ability for DL,
with a sensitivity of 88.9% and a specificity of 93.2% [10]. Thus, it is still necessary to
continuously explore airway assessment tests with a good predictive ability for DL.

The thyromental height test (TMHT) was first proposed as a clinical test by Etezadi et al.
in 2013 [11], and it showed a surprisingly high predictive value for DL at a 5 cm threshold
based on a relatively small sample study. In the original study of Etezadi et al. [11],
thyromental height (TMH) was defined as the height between the anterior border of the
thyroid cartilage (on the thyroid notch just between the 2 thyroid laminae) and the anterior
border of the mentum (on the mental protuberance of the mandible), with the patient
lying supine with her/his mouth closed. Subsequently, several studies evaluated the
actual performance of TMHT as a single predictor for DL in different populations [11–20].
In 2021, moreover, Carvalho et al. [21] performed a meta-analysis that included eight
studies and showed that TMHT was a good predictor of DL with a better performance
than most previously reported bedside airway assessment tests. In the meta-analysis
of Carvalho et al. [21], however, exclusion of non-English language studies may have
resulted in the absence of some important studies. Most importantly, several new works
assessing the performance of TMHT for prediction of DL have been published after their
meta-analysis [22–27]. To further determine the actual performance of TMHT as a single
predictor of DL, we performed this systematic review and meta-analysis including all
23 studies in the available literature.

2. Methods

2.1. Protocol and Registration

This systematic review and meta-analysis of diagnostic test accuracy was designed,
conducted, and reported in accordance with the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines [28,29]. The review protocols had been
designed before literature screening, registered at PROSPERO (http://www.crd.york.ac.
uk/PROSPERO, accessed on 1 April 2022, registration number: CRD42022319323), and
followed throughout the entire work.

2.2. Eligibility Criteria

For this systematic review of diagnostic test accuracy, we included only studies of
prospective cohort design or randomized controlled trials with full reports which met the
following criteria: (1) Languages: studies published in languages restricted to English,
Chinese, and Portuguese; (2) Populations: patients recruited were ≥16 years of age, either
sex, scheduled for surgery requiring endotracheal intubation by direct laryngoscopy under
general anesthesia. No restrictions were placed on patients’ American Society of Anesthesi-
ologists (ASA) physical status classification, other specific health conditions, the healthcare
setting, or the healthcare professionals involved.

Index test: a study was included as long as both the measuring method and reported
data for TMHT were consistent and complete for all patients. However, the studies about
the predictive accuracy of modified thyromental height test (MTMHT) for DL were ex-
cluded, as TMH was measured in a similar but different manner.

Reference standard test: The laryngoscopy view of glottis was determined by the clas-
sical Cormack and Lehane (CL) grading system, where grade 3 (only epiglottis visible) and
grade 4 (neither glottis nor epiglottis visible) are considered as DL [1]. Studies presenting
data on DL based on other tests and other ranges of CL grading systems were excluded.

Data: Numbers of cases for true positive (TP), false positive (FP), false negative
(FN), and true negative (TN) were reported, respectively; otherwise, sensitivity and
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specificity along with total sample size and the number of DL should be provided for
manual calculation.

2.3. Information Sources and Search Strategy

The following databases were searched on 1 June 2022: CNKI, CQVIP, EBSCO,
PubMed, SinoMed, and Wanfang Data. Reference lists of included studies were also
searched and those potentially relevant to TMH were retrieved.

2.4. Selection Process

First round screening of literature was performed merely on titles and abstracts for rel-
evancy, followed by a second round screening, where full texts of all remaining papers were
assessed against eligibility criteria and study quality. Both rounds of screening were con-
ducted independently by two reviewers (WXC and TT). Uncertainties and disagreements
were resolved by their discussion.

2.5. Data Collection Process and Data Items

One reviewer (WXC) independently extracted and calculated the data of interest
through a standardized form in Microsoft Excel from each included study, and it was
then verified by another reviewer (TT). Uncertainties and disagreements were resolved
by their discussion. The key items included in the data chart are: authors, year of publi-
cation, design of study, age, gender, height, weight, body mass index (BMI), total sample
size, sample size of DL groups, mean TMH, and cut-off values of TMH, TP, FP, FN, TN,
sensitivity, and specificity. When data for more than one threshold or laryngoscopy manip-
ulations were provided in a single study, they were considered as different data groups
and displayed separately.

2.6. Study Risk of Bias Assessment

Both risk of bias and applicability concerns were assessed independently by two reviewers
(WXC and TT), using a revised tool for the Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2) [30]. Each study was coded as ‘high’, ‘low’, or ‘unclear’ risk/concern,
according to the corresponding answers of several signaling questions about: (1) patient
selection; (2) index test; (3) reference standard, and (4) patient flow and timing. The
answers could be chosen from ‘yes’, ‘no’, and ‘unclear’, where a single ‘no’ leads to
‘high’ risk/concern, and only ‘yes’ for all questions leads to ‘low’ risk/concern. The
assessing process was conducted in the Review Manager (RevMan, London, UK, v5.3.5) [31].
Uncertainties and disagreements were resolved by discussion.

2.7. Diagnostic Accuracy Measures

Sensitivity and specificity of TMHT for DL, which was defined by grades 3 and 4 of the
CL grading system, were the primary outcomes of this study. Diagnostic odd ratio (DOR),
positive likelihood ratio (LR+), and negative likelihood ratio (LR−) were also calculated
for further detailed analysis.

2.8. Synthesis Methods

The statistical analysis for this study was performed in Stata (StataMP, release 16,
Lakeway, TX, USA) with the module for meta-analytical integration of diagnostic test
accuracy studies (MIDAS) [32]. Diagnostic properties, including TP, FP, FN, and TN were
either collected or calculated, which enabled the production of forest plots for sensitivity
and specificity of TMHT for diagnosis of DL. Forest plots for diagnostic odd ratio (DOR),
positive likelihood ratio (LR+), and negative likelihood ratio (LR−) were also depicted.
Overall heterogeneity was evaluated by the Cochran’s Q test along with the Spearman
correlation test for the presence of diagnostic threshold effect. When heterogeneity was
present (I2 > 50%), sensitivity analysis was performed and a forest plot for estimates was
built to evaluate the contribution of each study to the overall heterogeneity. Studies that
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were the most responsible for heterogeneity were then eliminated before further analysis.
Summary receiver operating characteristic curves (SROC) were also generated in Stata
MIDAS module [32] by which summary sensitivity and specificity, and the area under curve
(AUC) were calculated. Furthermore, summary sensitivity and specificity were estimated
for studies with a same TMHT cut-off value (5 cm) and with a prespecified cut-off value.

2.9. Publication Bias Assessment

Publication bias was assessed by the Deek’s funnel plot asymmetry test in Stata with
MIDAS module, which performed the linear regression of log odds ratios on inverse root
of effective sample sizes as a test for funnel plot asymmetry. A p value of less than 0.10 was
set for the significance threshold [32].

3. Results

3.1. Study Selection

After computerized research through several databases, 93 papers were identified,
but only 54 remained after eliminating 39 duplications. A PubMed search strategy is
displayed in Supplementary Table S1. First round literature screening was conducted on
titles and abstracts of these 54 articles, 26 of which were further excluded for to two reasons:
(1) retrospective evaluation, literature review, and letter (6 articles); and (2) irrelevance to
our study objectives (20 articles). Full texts of all 28 remaining articles were retrieved before
the second-round screening process. Careful assessment was performed with thorough
reading and application of the eligible criteria. As a result, a total of 5 articles were excluded
because of the following reasons: (1) DL identification methods other than the CL grading
system (2 articles); (2) missing or inconsistent data (2 articles); (3) different measuring
procedures for TMH (1 article). A PRISMA diagram [28] for the complete study selection
process is shown in Figure 1. After the study selection process, all included studies were in
either English or Chinese.

Figure 1. The PRISMA flow diagram of systematic review for included and excluded studies.
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3.2. Study Characteristics

Important characteristics of each included study are summarized in Table 1. Among
23 independent studies including 5896 patients, a total of 615 patients were reported as
DL according to the CL grading system. The incidence of DL in the included studies
ranged from 1% to 31%. These prospective cohort observational studies took place in
Australia, Bangladesh, China, Egypt, India, Iran, Japan, Nepal, and Turkey. Patients
undergoing elective surgeries under general anesthesia requiring tracheal intubation were
recruited. All studies included only patients without obvious airway abnormalities and
malformations. One study [12] included only patients scheduled for coronary artery bypass
surgery, two [19,26] only elderly patients (≥65 years), and another two [22,25] only obese
patients with a BMI > 30 kg/m2.

As for the TMH measurement during preoperative assessment, 17 studies men-
tioned the use of either digital gauges (10 articles) [11–13,16,18,20,22,25–27] or regular
rulers (7 articles) [14,15,17,19,23,24,33], while 6 studies failed to specify their measurement
tools. Patients were placed in sniffing position for direct laryngoscopy and intubation
in 14 studies [11,12,14,16–20,23,26,27,33–35]. During the direct laryngoscopy, a Macintosh
blade was used in 17 studies in which one [31] used only size 3, 7 [12,16–18,20,23,26] used
size 3 or 4, 2 [11,25] used only size 4, and 1 [13] used size 4 or 5. Only one study [11]
mentioned the use of a Miller blade instead of a Macintosh when no laryngeal view was
achieved and a second attempt was needed. Almost all laryngoscopy procedures were
conducted by experienced anesthesiologists, except for one study [11] by residents and
two [36,37] without mentioning. Application of external laryngeal manipulation showed
inconsistency among studies, and its application or applicable condition lacked clear state-
ments in most of the studies. The CL grading system was applied in all studies as for the
eligible criteria. The CL grade 3 or 4 was the most approved diagnostic standard for DL,
while only two [16,26] used the CL classification 2b or higher as their standard for DL.

181



J. Clin. Med. 2022, 11, 4906

T
a

b
le

1
.

C
ha

ra
ct

er
is

ti
cs

of
in

cl
ud

ed
st

ud
ie

s.

A
u

th
o

rs
Y

e
a

rs
C

o
u

n
tr

ie
s

M
e

a
n

A
g

e
;

Y
e

a
rs

M
a

le
;

%
F

e
m

a
le

;
%

M
e

a
n

H
e

ig
h

t;
cm

M
e

a
n

W
e

ig
h

t;
k

g
M

e
a

n
B

M
I

T
o

ta
l

S
a

m
p

le
S

iz
e

D
L

;
n

(%
)

T
h

re
sh

o
ld

s;
cm

Et
ez

ad
i

20
13

Ir
an

44
.5

47
.5

52
.5

16
6.

1
72

.0
25

.8
31

4
23

(7
.3

)
5

C
ao

20
16

C
hi

na
43

.0
56

.7
43

.3
N

A
N

A
24

.2
12

0
5

(4
.2

)
5

C
ao

20
17

C
hi

na
42

.0
58

.0
42

.0
N

A
N

A
25

.2
20

0
8

(4
)

5

Ja
in

20
17

In
di

a
56

.7
N

A
N

A
16

2.
6

65
.3

24
.7

34
5

32
(9

.3
)

5

Se
lv

i
20

17
Tu

rk
ey

48
.5

51
.0

49
.0

N
A

77
.7

N
A

45
1

37
(8

.2
)

5
4.

35

Si
20

17
C

hi
na

51
.4

N
A

N
A

16
5.

0
N

A
25

.8
30

0
22

(7
.3

)
4.

9

C
ao

20
18

C
hi

na
44

.6
56

.0
44

.0
N

A
61

.3
N

A
20

0
24

(1
2)

4.
9

M
aj

ig
ou

da
r

20
18

In
di

a
39

.8
53

.3
46

.7
N

A
N

A
21

.3
60

4
(6

.7
)

5

N
ur

ul
la

h
20

18
Ba

ng
la

de
sh

45
.4

50
.4

49
.6

N
A

N
A

N
A

13
9

43
(3

1)
5

R
ao

20
18

A
us

tr
al

ia
43

.4
47

.2
52

.8
16

2.
6

62
.0

23
.4

31
6

26
(8

.2
)

5

Ya
ng

20
18

C
hi

na
47

.0
43

.3
56

.7
16

1.
0

N
A

23
.0

26
3

24
(1

0)
3.

92

Pa
nj

ia
r

20
19

In
di

a
37

.2
43

.6
56

.4
15

8.
4

61
.1

24
.5

55
0

55
(1

0)
5

Ya
bu

ki
20

19
Ja

pa
n

50
.2

18
.0

82
.0

15
9.

6
58

.6
22

.9
60

9
6

(1
)

5
w

it
h

BU
R

P
5.

4
w

it
h

BU
R

P

73
(1

2)
5

w
it

ho
ut

BU
R

P
5.

4
w

it
ho

ut
BU

R
P

Lu
o

20
20

C
hi

na
49

.9
38

.4
61

.6
16

0.
6

62
.4

N
A

26
3

13
(4

.9
)

3.
9

M
os

ta
fa

20
20

Eg
yp

t
68

.0
57

.0
43

.0
N

A
N

A
27

.1
12

0
15

(1
2)

5.
7

R
aw

al
20

20
N

ep
al

35
.8

44
.3

55
.7

15
8.

0
60

.9
24

.1
24

6
7

(2
.8

)
5

A
hm

ed
20

21
Eg

yp
t

38
.3

78
.1

21
.9

N
A

N
A

43
.7

10
5

23
(2

1.
9)

4.
7

Bh
an

us
ha

li
20

21
In

di
a

51
.7

40
.4

59
.6

16
2.

4
N

A
N

A
10

9
16

(1
4.

7)
5

C
hh

at
ra

pa
ti

20
21

In
di

a
36

.8
53

.3
46

.7
N

A
55

.2
N

A
15

0
50

(3
0)

5

K
he

ir
ab

ad
i

20
21

Ir
an

41
.3

32
.1

67
.9

N
A

N
A

35
.7

19
6

48
(2

4.
5)

4.
8

Li
20

21
C

hi
na

N
A

52
.0

48
.0

N
A

N
A

N
A

40
0

53
(1

3.
25

)
4.

80
5

Pa
nj

ia
r

20
21

In
di

a
69

.4
48

.4
58

.6
15

4.
1

54
.2

23
.1

14
0

35
(2

5)
5.

5

Pr
ak

as
h

20
21

In
di

a
40

.9
60

.7
39

.3
16

2.
4

60
.3

22
.9

30
0

46
(1

5.
3)

5 4.
4

BM
I:

bo
dy

m
as

s
in

de
x

(k
g/

M
2 );

D
L:

di
ffi

cu
lt

la
ry

ng
os

co
py

.

182



J. Clin. Med. 2022, 11, 4906

3.3. Risk of Bias in Studies

As displayed in Figure 2 for methodological quality assessment by the QUADAS-
2 tool, risk of bias in individual studies mainly came from patient selection, in-
dex test, and reference standard. Inappropriate exclusion criteria proposed in
13 studies [12,14–16,18,20,22–25,27,34,37] accounted for the high risk of bias in terms of
patient selection. There was high concern that the test accuracy reported by these 13 studies
could be positively affected by the fact that they removed patients with obesity, preg-
nancy, and other factors potentially increasing the possibility of DL. The provenance of bias
related to the index test was straightforward: inability to preset a diagnostic TMHT thresh-
old [11–13,17–19,22,25–27,33,36,37]. Bias regarding the reference standard was basically
due to the absence of blindness [12,14,22,24,25,36,38,39] and the un-standardized applica-
tion of external laryngeal manipulation [11,12,16,18–20,22,26,36]. All studies showed a low
risk/concern for flow and timing and applicability.

Figure 2. Risk of bias and applicability concerns review with authors’ judgments about each domain
presented as percentages across included studies.

3.4. Results of Syntheses

The Stata codes used for this meta-analysis are displayed in Supplementary Table S2.
All figures were direct outputs of Stata (StataMP, release 16) [32] and Review Manager
(RevMan, London, UK, v5.3.5) [31]. As shown in Figure 3, sensitivity and specificity of
TMHT for prediction of DL reported in all 23 studies ranged from 39% to 95%, and 53% to
100%, respectively. The ranges for other diagnostic accuracy measurements were as follows:
DOR, 1.33 to 721.29 (Figure 4A); LR+, 1.17 to 149; LR−, 0.05 to 0.87 (Figure 4B).

Analysis was first conducted with data from all included studies, resulting in a sum-
mary sensitivity of 74% (95% CI, 68–79%) and a specificity of 88% (95% CI, 81–92%)
(Figure 3). Other summary estimates included: DOR, 20 (95% CI, 10–40) (Figure 4A);
LR+, 5.9 (95% CI, 3.6–9.6); and LR−, 0.30 (95% CI, 0.23–0.39) (Figure 4B). The estimated
area under curve (AUC) for the SROC curve was 85% (95% CI, 81–88%) (Figure 5).

After removing two studies [18,27] of high heterogeneity, the same analytical proce-
dure was conducted again, which will be elaborated in the next section. The summary
sensitivity and specificity were 77% (95% CI, 72–81%) and 90% (95% CI, 84–94%), respec-
tively, after their removal (Supplementary Figure S1).

A total of 14 studies [11–18,20,23,24,27,38,39] with the same TMHT threshold (5 cm)
showed a summary sensitivity of 75% (95% CI, 66–83%) and a specificity of 91% (95% CI,
82–95%) (Supplementary Figure S2). A total of 10 studies [14–16,20,23,24,34,35,38,39] with
prespecified TMHT thresholds showed a summary sensitivity of 82% (95% CI, 71–89%),
a specificity of 94% (95% CI, 87–98%) (Supplementary Figure S3), and an AUC of 92%
(95% CI, 90–94%) (Supplementary Figure S4).
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Figure 5. SROC of sensitivity and specificity of TMHT for prediction of DL with the data of all
23 included studies.

3.5. Reporting Biases

Threshold effect: There was no a significant threshold effect building up to the hetero-
geneity of this study (Spearman correlation estimate 0.70, p = 0.49).

Heterogeneity and sensitivity analysis: There were significant heterogeneities in both
sensitivity (p < 0.001, I2 = 78.42) and specificity (p < 0.001, I2 = 98.60) of TMHT for prediction
of DL (Figure 3). Sensitivity analysis was therefore conducted, and it showed two main
sources of heterogeneity [18,27] (Supplementary Figure S5). After removing the data of
these two studies and repeating the Cochran’s Q test, the heterogeneity in sensitivity
(p = 0.001, I2 = 44.48) was no longer significant but the specificity (p < 0.001, I2 = 98.51)
remained the same. Other possible factors contributing to the heterogeneous significance
might be related to the concerns for the reference standard as previously mentioned in
methodological quality assessment. Different TMHT thresholds, preoperative threshold
specification, standardization of external laryngeal manipulation (backward, upward,
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rightward pressure, BURP), blade sizes, neuromuscular blockage, and operators’ experience
were the potential candidates for our heterogeneity.

Publication bias: Deek’s funnel plot asymmetry test provided a chance for visual inspec-
tion and statistical calculation at the same time, both suggesting a low risk of publication
bias (p = 0.19) (Supplementary Figure S6).

4. Discussion

The prediction of difficult airways has always been a crucial task for anesthesiologists
in terms of airway management. Systematic reviews have been performed on various
preoperative assessment methods, but inconsistent conclusions have been drawn [40–42].
According to the summary estimates of our review and analysis, the overall predictive
value of TMHT for DL seems optimistic, with a sensitivity of 74%, a specificity of 88%, and
an AUC of 85%. For all that, uncertainties are still present and should be addressed with
caution. Especially, significant heterogeneity, relatively large 95% CI, and un-standardized
application of external laryngeal manipulation during laryngoscopy are the potential
weaknesses that need further discussion.

Among all 23 studies, the reported incidence of DL varied from 1% to 31%. Fur-
thermore, the reported sensitivity and specificity of TMHT for prediction of DL ranged
from 39% to 95%, and 53% to 100%, respectively. Although significant variability in sen-
sitivity and specificity was reported, TMHT had an overall impressive specificity, and
high sensitivity in these included studies. In total, 10 out of 23 studies had a specificity
of above 90% [11,12,15–17,22–24,34,35], emphasizing an outstanding value of TMHT in
differentiating non-DL patients from the others. In total, 16 [11–13,15–17,19,20,22–26,33–35]
out of 23 studies reported a sensitivity of more than 70% comparing to the CL grading
system, and 3 [13,15,24] among them over 90%, depicting a rather promising prediction
of true DL. When a 5 cm threshold was set in the study, as proposed by Etezadi et al. [11],
increased sensitivity and specificity were obtained, indicating the rationality and necessity
of a 5 cm threshold.

This analysis showed that compared to other major predictors studied in recent
literatures [5,7,40–42], TMHT had a satisfying predictive potential for DL with stability,
comprehensiveness and independence. A systematic review and meta-analysis on various
airway ultrasound predictors, such as the distance from skin to epiglottis (DSE), the distance
from skin to hyoid bone (DSHB), and the distance from skin to vocal cords (DSVC), showed
that DSE was the best imaging predictor, with a sensitivity of 82% (95% CI, 74–87%),
a specificity of 79% (95% CI, 70–87%), and an AUC of 87% (95% CI, 84–90%) [40]. As
patients with a history of previous difficult intubation or expected difficult laryngoscopy
have been excluded from the above analysis of airway ultrasound predictors, the overall
quality of evidence is low/very low and there is a high concern of bias [40]. In our analysis,
however, TMHT demonstrated a higher specificity, which is the ability to accurately identify
non-DL patients. Aside from the imaging airway test, other bedside airway tests have
also been assessed in other systematic reviews [5,41,42]. Both MMT and ULBT showed
a relatively high specificity of 84% [41] and 92% [5], respectively, but both tests showed
relatively poor results for sensitivity (MMT 55% [41] and a ULBT of 67% [5]. Another
meta-analysis on ULBT shared similar results [42]. Other bedside airway tests examined
by Roth et al. [5], including a Wilson risk score, TMD, sternomental distance, and mouth
opening, all displayed the similar pattern, i.e., a high specificity but a poor sensitivity.
With similar, if not higher sensitivity and specificity, our results proved that TMHT is a
rather comprehensive single predictor for DL, as most of the other predictors showed an
unbalanced relation between sensitivity and specificity in other meta-analysis [5].

Last but not least, a prespecified threshold value plays an important role in reducing
bias, and leads to a more impartial result [30]. Thus, in our study, a subgroup analysis
containing 10 studies [14–16,20,23,24,34,35,38,39] with prespecified TMHT thresholds was
conducted and showed a great predictive value by hitting the highest level of all tests and
studies, with a summary sensitivity of 82% (95% CI, 71–89%), a specificity of 94% (95% CI,
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87–98%) (Supplementary Figure S3), and an AUC of 92% (95% CI, 90–94%) (Supplementary
Figure S4). That is to say, after reducing the existing bias to a certain degree, the outstanding
predictive values from subgroup analysis were those that best represented the actual
reliability of TMHT in predicting DL, confirming its excellent predictive potential.

The meta-analysis conducted by Carvalho et al. [21] in 2021 reported similar but
somewhat limited results. In their analysis, summary sensitivity and specificity for studies
with a common threshold were 82.6% (95% CI, 74–88.8%) and 93.5% (95% CI, 79–98.2%),
respectively [21]. Obviously, there are numeral differences in both sensitivity and specificity
between their analyses and ours. However, what needs to be kept in mind is the significant
enlargement for the number of studies and total sample size/range included in our analysis.
A total of 23 studies with 5896 patients were included, almost doubling the sample size,
compared to 8 studies with 2844 patients as reported by Carvalho et al. [21]; especially,
three of the most recent studies [22,25,26], which are all included, are aimed at the pre-
dictive performance of TMHT for DL in specific populations with risk factors of difficult
airways, such as obesity, an age over 65 years, and others. Knowing that these factors are
directly associated with the prevalence of DL and were considered as exclusion criteria
in Carvalho et al.’s [21] work, the current study faces an extra challenge in the process
of analysis and gains an extra validity in the results. Eight studies [20,33–39] conducted
on the Chinese and Nepalese populations were included in our analysis, contributing to
the ethnic diversity of patients. In total, the current study included 2355 Mongoloid sub-
jects [18,33–39], 3225 Indian Mediterranean type Caucasian subjects [11–15,17,19,20,22–27],
and 316 Baltic Sea type Caucasian subjects [16]. Baltic Sea type Caucasian subjects could be
under-represented. No African type subjects were included in this meta-analysis. None of
all 23 included studies in our analysis were eliminated during meta-analysis whether or
not sharing the same threshold. These characteristics allowed a more comprehensive and
representative population, bringing down the concern for bias and bolstering the credibility.
Moreover, if a common 5 cm threshold was set, our data showed a summary sensitivity of
76% (95% CI, 66–83%) and a specificity of 91% (95% CI, 82–95%), almost at the same level
with Carvalho et al.’s results [21]. Publication bias, not occurring in the current analysis,
was suggested to be present in Carvalho et al.’s analysis [21], which also brought positive
impact to their summary estimates. Thus, the results of the current study concurred with
those of Carvalho et al.’ analysis [21] but take a step forward, i.e., providing a more valid
proof for the ability of TMHT in predicting DL.

5. Limitations and Implications

In spite of the already impressive potential of TMHT, the summary estimates of TMHT
for all 23 studies, sensitivity 74% and specificity 88%, in fact failed to reach expectation,
possibly due to the impact of un-standardized application of external laryngeal manipula-
tion across studies. External laryngeal manipulation, known as BURP, referring to external,
backward, upward, and rightward pressure, can be applied when the designated airway
assessor estimates the laryngeal view of the patient for the purpose of predicting difficult
airway [18,22]. Helping the practitioner to get a better view, it is worthwhile to combine
BURP with the CL grading system to better determine DL. However, the presence of BURP
would modify the final CL grading, affecting the final determination of DL. Moreover, the
lack of proper principles and consistent indications for BURP application in the included
studies would have caused confusion in the screening process, as some studies applied
BURP on all patients [22], while other studies applied it only on the second attempt [11,12]
or only on poor CL grades of [16,18,20,36]. The consistency of the reference standard test CL
grading was therefore perturbed, bringing significant heterogeneity. A fact worth mention-
ing is that the largest study included in this analysis also presented the lowest incidence of
DL and the worst predictive performance of TMHT for DL among all included studies, with
non-BURP evaluation showing a slightly better accuracy (68.1% versus 53.4%) [18]. This
brought up the idea that the BURP manipulation might result in unintended stringent CL
grading and conflict with TMHT, thus the predictive value of THMT in our analysis, on the
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whole, seemed unsatisfying when at least 9 [11,12,16,18–20,22,26,36] out of 23 studies men-
tioned the presence of BURP. That is to say, TMHT anticipates an even better performance
in DL prediction whenever a consistent BURP policy is announced.

The ideal evidence for the current study, in fact, would be the studies with both low
risk-of-bias and 5 cm threshold. Unfortunately, however, only two of the studies [13,17]
included in this meta-analysis matched these conditions. Thus, there is not enough data
for conducting such a sub-group meta-analysis. As TMHT is a novel single parameter and
relevant study design still awaits improvement, we believe that more and more precise
results about the predictive value of THMT for DL would be obtained in future studies
and clinical practice. On the premise of the outcomes of current studies, with growing
attention and more well-designed future clinical trials, TMHT may become a widely
accepted indicator for prediction of DL among anesthesiologists.

6. Conclusions

Our analysis demonstrates that the predictive value of THMT for DL, on the whole,
is more reliable than other imaging and bedside airway tests available in current prac-
tice. However, the significant heterogeneity and the uncertain influence brought by un-
standardized BURP application indicate that further studies with a good design and a large
sample size are still needed to determine the actual predictive value of TMHT for DL.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11164906/s1, Figure S1: Forest plots of the analysis about the
prediction value of TMHT for DL in terms of sensitivity and specificity after removing heterogeneous
studies; Figure S2: Forest plots of the analysis about the prediction value of TMHT for DL in terms
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Abstract: Postoperative delirium (POD) is associated with increased complication and mortality rates,
particularly among older adult patients. However, guideline recommendations for POD detection and
management are poorly implemented. Fast-and-frugal trees (FFTrees), which are simple prediction
algorithms, may be useful in this context. We compared the capacity of simple FFTrees with two
more complex models—namely, unconstrained classification trees (UDTs) and logistic regression
(LogReg)—for the prediction of POD among older surgical patients in the perioperative setting.
Models were trained and tested on the European BioCog project clinical dataset. Based on the
entire dataset, two different FFTrees were developed for the pre-operative and postoperative settings.
Within the pre-operative setting, FFTrees outperformed the more complex UDT algorithm with
respect to predictive balanced accuracy, nearing the prediction level of the logistic regression. Within
the postoperative setting, FFTrees outperformed both complex models. Applying the best-performing
algorithms to the full datasets, we proposed an FFTree using four cues (Charlson Comorbidity Index
(CCI), site of surgery, physical status and frailty status) for the pre-operative setting and an FFTree
containing only three cues (duration of anesthesia, age and CCI) for the postoperative setting. Given
that both FFTrees contained considerably fewer criteria, which can be easily memorized and applied
by health professionals in daily routine, FFTrees could help identify patients requiring intensified
POD screening.

Keywords: fast-and-frugal decision trees; postoperative outcomes; postoperative delirium; clinical
data prediction; medical decision making

1. Introduction

Postoperative delirium (POD) is an acute and sudden change in the mental state,
characterized by fluctuating levels of attention, consciousness and cognition [1,2]. The
occurrence of POD is associated with increased complication and mortality rates [3,4] and
may be related to the development of long-term cognitive disorders [5–7]. Incidence depends
on predisposing and precipitating risk factors [8–10] and ranges from 10–50% [11,12], and
older people are particularly susceptible to POD [13].

Given the risks associated with undetected postoperative delirium, it is important
to have tools available to detect POD reliably and in a timely manner. According to the
recommendations of the evidence-based and consensus-based guidelines on postoperative
delirium [11], screening for delirium should be performed once per shift, at least twice
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a day, for 5 days after surgery in all patients, and predisposing and precipitating risk
factors should be attenuated whenever possible. However, the implementation of these
measures requires a considerable allocation of personnel resources and time, and it may thus
come as no surprise that these guideline recommendations are poorly implemented [14].
Furthermore, a number of predictive models have been developed in the past to guide
the prediction of POD; however, these also often require extensive assessment, and their
clinical implications remain unclear [15–20]. These examples suggest that a detection tool
that would be supportive of use in clinical care needs to be simple to keep the number
of personnel and the time costs of the assessment as low as possible. Fast-and-frugal
trees (FFTrees)—binarizing prediction algorithms based on limited information search—
can provide such a simple structure and have demonstrated the capacity to facilitate
accurate decisions in a variety of medical domains [21–25]. For instance, when predicting
whether a patient presenting with chest pain should be admitted to the coronary care unit
or to a normal ward, an FFTree consisting of only three yes-or-no questions performed
comparably with a dedicated decision support tool (heart disease predictive instrument
(HDPI)) requiring 50 pieces of information. These findings likely go against the common
assumption that “more information is always better”, particularly in the medical domain,
where most professionals may feel that, to make a good prediction or diagnosis, gathering
more rather than less information reduces the risk of error. However, the relation between
the amount of information and the quality of prediction is often an inverse U-shaped
curve [26,27], specifically when situational uncertainty is high, as is the case in most medical
situations including the prediction of POD. When situational uncertainty is high, model
robustness is key [28,29]. Complex models, by using as much information as possible, fit
“noise” and idiosyncrasies in the presented dataset that do not generalize to a new sample
of patients. The result is “overfitting”, which conflicts with the robustness of a model and,
thus, with the accuracy of prediction. Furthermore, it is important to note that the POD risk
detected at admission (predisposing factors) increases substantially during the operation,
and the impact of anesthesia and surgery (precipitating factors, such as trauma, stress,
medication, depth of anesthesia, blood pressure fluctuations, transfusions) warrant the
reassessment of risk. This means that models for POD must be adaptable and must include
the conditions associated with surgery.

The aim of this work was to examine if FFTrees are able to sufficiently predict POD.
To address the requirements of perioperative medicine, we built a pre-operative FFTree
based on pre-operative parameters and further built a postoperative FFTree with modeling
that additionally considered intraoperative parameters. Moreover, we compared the
ability to predict unseen cases in the two FFTree construction methods [22]—which are
based on limited information search—with those of two compensatory models; namely,
unconstrained classification trees (based on the classification and regression trees (CART)
algorithm) and logistic regression.

2. Materials and Methods

2.1. Overview of the Present Study

The work reported herein was performed on data initially acquired via the BioCog
project, a prospective multicenter observational study conducted at the Charité–
Universitätsmedizin Berlin, Department of Anesthesiology and Operative Intensive Care
Medicine, Berlin, Germany, and the University Medical Center Utrecht, Department of
Intensive Care Medicine, Utrecht, the Netherlands. This work was a secondary analysis
performed for the purpose of generating FFTrees considering various influencing variables
from the BioCog database generated at the study site Charité–Virchow Klinikum (n = 394,
see Figure 1) in relation to the development of POD. The secondary analysis was approved
by the local Ethics Committee (ref: EA2_048_18, 16 July 2020) and conducted in accordance
with the Declaration of Helsinki.
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Figure 1. Flow chart.

The BioCog dataset was based on patients aged ≥ 65 years who were scheduled for
elective surgery and presented with a Mini-Mental-State-Examination (MMSE) score of
23 points or higher (for detailed inclusion and exclusion criteria, see [30]).

2.2. Assessment of Postoperative Delirium

The models of this work inferred whether each respondent was at risk of POD as
defined by the criteria of the fifth edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) [31]. Patients were considered delirious if they met any one of the
following criteria:

• ≥2 cumulative points on the Nursing Delirium Screening Scale (Nu-DESC) and/or a
positive Confusion Assessment Method (CAM) score;

• a positive CAM score for the Intensive Care Unit (CAM-ICU);
• a patient chart review that showed descriptions of delirium (e.g., confused, agitated,

drowsy, disorientated, delirious, received antipsychotic therapy).

Delirium screening was started in the recovery room and repeated twice per day
at 08:00 and 19:00 (±1 h) for up to seven days after surgery. Delirium assessment was
conducted independently of the routine hospital procedures by a research team that was
trained and supervised by psychiatrists and delirium experts.

2.3. Cues

We aimed to develop two different models predicting a patient’s POD status based on
(i) pre-operative cues alone and (ii) both pre-operative and intraoperative cues.

For the pre-operative model, each model was meant to categorize a patient as being or
not being at risk of POD based on the following cues: age; sex; body height; body mass
index; physical status according to the American Society of Anesthesiologists (ASA PS);
Charlson Comorbidity Index (CCI) [32]; comorbidities, such as arterial hypertension, coro-
nary artery disease, diabetes mellitus, stroke or transient ischemic attack, in medical history;
education according to International Standard Classification of Education (ISCED) [33];
MMSE; pre-operative cognitive impairment (for details, see Supplementary Information S1);
impaired activities of daily living according to Barthel (ADL) [34], as well as Lawton and
Brody (IADL) [35]; malnutrition according to the Mini-Nutritional Assessment (MNA) [36];
pre-operative frailty status (for details, see Supplementary Information S2); depression ac-
cording to the geriatric depression scale (GDS) [37,38]; pre-operative long-term medication
with benzodiazepines; hazardous alcohol consumption based on the AUDIT score [39];
current smoker status; pack years and site of surgery (intracranial vs. intrathoracic, intra-
abdominal or pelvic vs. peripheral). The postoperative model used, in addition to these
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pre-operative pieces of information, the duration of anaesthesia and the administration of
premedication before surgery (benzodiazepines, clonidine, antihistaminergics, etc.).

2.4. Model Comparison

Two FFTree construction algorithms (the ifan algorithm (FFTi) and the dfan algorithm
(FFTd)) [22] were compared with logistic regression and an unconstrained classification
tree algorithm (UDT) based on CART [39] for the pre-operative and the complete dataset
separately. We chose a maximum number of five cues for the FFTi algorithm and a maxi-
mum number of four cues for the FFTd algorithm. The criteria for ifan and dfan were set to
balanced accuracy. For UDT, we weighted misclassifications of positive cases higher than
the misclassification of negative cases (based on the ratio of negative to positive cases in the
training set) to aim for good performance in terms of balanced accuracy. We used the rpart
package in R for UDT [40], which implements most of the CART algorithms [39] (with the
minimum splitting size set to 20 and the complexity parameter to 0.00001). For the binary
logistic regression model (LogReg), cues that were provided to the corresponding tree
models were included in the regression model. To target the criterion of balanced accuracy,
we set the threshold to transform probability estimates into predictions to the base rate
observed in the training set. We used the implementation of logistic regression in the glm
command in R.

2.4.1. Training and Test Set

In order to estimate the predictive performance of each model, the dataset was repeatedly
randomly split into training and test (prediction set) sets, with an equal number of cases
in each. Trees were constructed and parameters estimated based on the training set, and
performance was measured based on the test set alone. The performance measure used was
balanced accuracy—the mean of sensitivity and specificity—and models were estimated with
the aim of achieving high values on this measure. Based on the model comparison, a tree
construction algorithm was chosen to build two final trees (pre- and postoperative) based on
the full dataset (n = 394). All analyses were run in R (version 4.1.2) [41].

2.4.2. Model Comparison Procedure

In preparing the dataset, missing values were replaced before starting the model
comparison. For the following variables, a missing value was replaced by the sample
median: ISCED, GDS, pack years, duration of anaesthesia. For categorical variables,
missing values were replaced by the mode, which was 0 (no impairment) in the case
of arterial hypertension, coronary artery disease, diabetes mellitus, stroke or transient
ischemic attack in medical history, pre-operative cognitive impairment, ADL, IADL and the
administration of premedication before surgery and 3 (no impairment) in the case of MNA.

In each trial of the model comparison, the full dataset was randomly split into training
and test sets with an equal number of cases (n = 197). Models were estimated using the
training set and performance (sensitivity, specificity and balanced accuracy) was measured
using the test set alone. This procedure was repeated 1000 times for the more time-intensive
FFTree construction algorithm (FFTd) and 10,000 times for all others. In each trial, the
same training-test split was applied for each model, with FFTd being restricted to the first
1000 splits.

3. Results

3.1. Patient Characteristics

Altogether, we used data for 394 older adult surgical patients; 99 patients (25.1%)
fulfilled the criteria for POD (see Table 1 for patient characteristics).
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Table 1. Patient characteristics (n = 394).

Characteristic
POD

(n = 99)
25.10%

Non POD
(n = 295)
74.90%

p

n = 394

Age (years) 74 [71;77] 72 [68;76] 0.004 a

Sex

Female 51 (41.5%) 145 (49.2%) 0.684 b

ASA PS

<0.001 b1–2 43 (43.4%) 203 (68.8%)
3–4 56 (56.6%) 92 (31.2%)

Charlson Comorbidity Index 2.14 ±1.5 c 1.43 ± 1.6 c <0.001 a

Frailty status

<0.001 bPre-frail 50 (51.0%) 143 (49.1%)
frail 30 (30.6%) 30 (10.3%)

Site of surgery

<0.001 bintracranial 2 (2.0%) 7 (2.4%)
intrathoracic, intra-abdominal or pelvic 67 (67.7%) 122 (41.4%)

peripheral 30 (30.3%) 166 (56.3%)

Duration of Anaesthesia (min) 360 [220;495] 157 [100;260] <0.001 b

Data are expressed as medians [25th quartile; 75th quartile] except for categorical data, which are expressed as
frequencies (percentages). p-values are with respect to Mann–Whitney U test (a) or Chi-squared test (b) between
patients with or without POD. Additionally, data for Charlson Comorbidity Index are presented as means ± SD (c).
p ≤ 0.05 was considered as statistically significant. SD—standard deviation, POD—postoperative delirium,
ASA PS—physical status according to the American Society of Anesthesiologists, min—minutes.

3.2. Model Comparison

For each model comparison, we report the mean performance of the four algorithms
for the training and test sets and present visualizations of the distribution of prediction
results across trials.

3.2.1. Performance of Pre-Operative Models

The model performance for all four models is summarized in Table 2. Performance for
the training set represents the ability to predict criterion values based on already known
cue values. The table reports sensitivity, specificity and balanced accuracy (the average of
sensitivity and specificity).

Unconstrained decision trees exhibited the best average balanced accuracy (0.803),
followed by logistic regression and the two FFTree models. The difference between the best
and worst model was over 0.11. The standard error for FFTd models was higher due to the
smaller number of trials (1000 vs. 10,000). It should be noted that the standard error for
balanced accuracy was lower than that for sensitivity and specificity: Models tended to
trade off sensitivity against specificity across trials, resulting in more stable values for the
average. The performance of unconstrained decision trees suffered the most, changing the
order of performance in the test set.

The distribution of results across trials (see Figure 2) demonstrated the variability
across trials and put the average differences into context. Further analysis showed that the
LogReg model outperformed the FFTi model in 76.0% of the trials, but it was outperformed
by the FFTi model in 23.9% of the trials.
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Table 2. Average performance for algorithms across trials with pre-operative information. The
table presents means and standard errors separately for the four algorithms with the training set
(fitting) and test set (prediction). For each combination, the table reports the mean and standard error
of the mean for sensitivity, specificity and balanced accuracy across trials. FFTi, UDT and LogReg
were tested in 10,000 trials and FFTd in the first 1000 of these only.

Training Prediction

Sensitivity Specificity Bal. Accuracy Sensitivity Specificity Bal. Accuracy

FFTi M 0.693 0.682 0.688 0.578 0.644 0.611
SE (0.0013) (0.0013) (0.0002) (0.0015) (0.0014) (0.0003)

FFTd M 0.751 0.689 0.720 0.562 0.625 0.593
SE (0.0037) (0.0037) (0.0007) (0.0044) (0.0040) (0.0011)

UDT M 0.868 0.738 0.803 0.52 0.626 0.573
SE (0.0006) (0.0006) (0.0002) (0.0010) (0.0007) (0.0004)

LogReg M 0.737 0.747 0.742 0.581 0.692 0.637
SE (0.0004) (0.0003) (0.0003) (0.0007) (0.0004) (0.0003)

M—mean, SE—standard error of the mean, FFTi—fast-and-frugal tree construction using the ifan algorithm,
FFTd—fast-and-frugal tree construction using the dfan algorithm, UDT—unconstrained decision trees based on
the CART algorithm, LogReg—logistic regression.

Figure 2. Balanced accuracy in the test set (prediction task) for the four algorithms across trials with
pre-operative cues only. The graph shows boxplots and violin plots, with dots representing the results of
individual trials (10,000 trials for FFTi, UDT and LogReg; 1000 trials for FFTd). FFTi—fast-and-frugal tree
construction using the ifan algorithm, FFTd—fast-and-frugal tree construction using the dfan algorithm,
UDT—unconstrained decision tree based on the CART algorithm, LogReg—logistic regression.

3.2.2. Performance of Postoperative Models

Adding the postoperative variables improved the performance of all models, both in
fitting the training set and predicting the test set (see Table 3).
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Table 3. Average performance of algorithms across trials with full information. The table presents
means and standard errors separately for the four algorithms with the training set (fitting) and test
set (prediction). For each combination, the table reports the mean and standard error of the mean
for sensitivity, specificity and balanced accuracy across trials. FFTi, UDT and LogReg were tested in
10,000 trials and FFTd in the first 1000 of these only.

Training Prediction

Sensitivity Specificity Bal. Accuracy Sensitivity Specificity Bal. Accuracy

FFTi M 0.767 0.723 0.745 0.698 0.695 0.696
SE (0.0008) (0.0008) (0.0002) (0.0011) (0.0009) (0.0003)

FFTd M 0.815 0.756 0.786 0.698 0.71 0.704
SE (0.0025) (0.0024) (0.0007) (0.0032) (0.0028) (0.0010)

UDT M 0.896 0.784 0.840 0.625 0.694 0.660
SE (0.0005) (0.0005) (0.0002) (0.0010) (0.0007) (0.0004)

LogReg M 0.792 0.803 0.798 0.632 0.749 0.690
SE (0.0004) (0.0003) (0.0003) (0.0007) (0.0004) (0.0003)

M—mean, SE—standard error of the mean, FFTi—fast-and-frugal tree construction using the ifan algorithm,
FFTd—fast-and-frugal tree construction using the dfan algorithm, UDT—unconstrained decision tree based on
the CART algorithm, LogReg—logistic regression.

Again, the order of performance changed between fitting and prediction, with uncon-
strained decision trees showing the best fitting performance (0.840) and the worst prediction
performance (0.660). In contrast to the previous comparison, the FFTrees outperformed both
alternative models in prediction. The FFTd algorithm showed a better average balanced
accuracy in prediction (0.704) than the FFTi algorithm (0.696). FFTi performed better than
LogReg in 56.1% of the trials, and FFTd performed better than LogReg in 61.9% of the trials
and better than FFTi in 56.2% of the trials. The distribution of balanced accuracy in the
prediction task is shown in Figure 3. Thus, these differences were not generated by outliers
but by a general tendency to outperform the competitors.

 
Figure 3. Balanced accuracy in the test set (prediction task) for the four algorithms across trials with

all cues: The graph shows boxplots and violin plots, with dots representing the results of individual
trials (10,000 trials for FFTi, UDT and LogReg; 1000 trials for FFTd). FFTi—fast-and-frugal tree con-
struction using the ifan algorithm, FFTd—fast-and-frugal tree construction using the dfan algorithm,
UDT—unconstrained decision tree based on the CART algorithm, LogReg—logistic regression.
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3.3. Decision Trees Based on Full Dataset

Based on the results of the model comparison, we estimated two fast-and-frugal trees
based on the full dataset, one for the pre-operative set of variables and one for the complete,
postoperative set of variables. We present visualizations of the resulting trees and report
performance statistics based on the full dataset (n = 394).

3.3.1. Pre-Operative FFTree

The first (pre-operative decision tree) was based on pre-operative data. Following the
results of the model comparison, we chose the ifan algorithm to construct the tree. The
resulting pre-operative decision tree contained four cues (CCI, site of surgery, ASA PS and
frailty status) and indicated a sensitivity of 0.84 and a specificity of 0.46 with a balanced
accuracy of 0.65 (see Figure 4). On average, 1.8 cue values had to be looked up to make a
decision for the cases in the dataset, and 93% of the provided information was ignored on
average. Over 52% of all cases were classified as positive after the first question (with a
CCI larger than 1), and 71 of the 99 positive cases were in this group. The tree achieved a
higher sensitivity at the cost of specificity (the unweighted accuracy was 0.56).

Figure 4. Pre-operative fast-and-frugal tree estimated with the ifan algorithm. POD—postoperative
delirium, p(POD)—probability of POD a priori (base rate), p (no POD)—complement of p(POD),
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FFTi—fast-and-frugal tree construction using the ifan algorithm, CCI—Charlson Comorbidity Index,
surgery site > 2—peripheral, ASA PS—physical status according to the American Society of Anesthe-
siologists, frailty <= 0—robust, frailty > 0—pre-frail/frail, mcu—mean cues used, pci—percent cues
ignored, sens—sensitivity, spec—specificity, acc—unweighted accuracy, back—balanced accuracy
(sensitivity + specificity)/2, BL—probable BL (the base rate of 75% that could be achieved by classi-
fying all cases as negative), ROC—receiver operating characteristic (shows the performance of all
compared trees using the same cue order numbered according to their resulting balanced accuracy
(in the training set), each data point shows the false alarm rate (FAR) on the x-axis and sensitivity/hit
rate (HR) on the y-axis), hi—hit, mi—miss, cr—correct rejection.

3.3.2. Postoperative FFTree

The construction of the second decision tree (postoperative decision tree) took intraop-
erative parameters into account in addition to the pre-operative data. Following the results
of the model comparison, we chose the dfan algorithm for tree construction in this case.
The postoperative decision tree contained three cues (duration of anesthesia, age and CCI).
While the maximum depth was set to four cues, the algorithm did not find an improvement
by adding an additional layer to the tree, generating a truncated tree (see also [29]).

The decision tree demonstrated a sensitivity of 0.81, a specificity of 0.72 and a balanced
accuracy of 0.76 (see Figure 5). It used 2.1 cues on average to make a classification, and it
ignored 92% of the provided information on average. The tree was more balanced than the
pre-operative tree and achieved an unweighted accuracy of 0.74.

 

Figure 5. Postoperative fast-and-frugal tree estimated with the dfan algorithm. POD—postoperative
delirium, p(POD)—probability of POD a priori (base rate), p (no POD)—complement of p(POD),
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FFTd—fast-and-frugal tree construction using the dfan algorithm, duration—duration of anesthesia,
CCI—Charlson Comorbidity Index, mcu—mean cues used, pci—percent cues ignored, sens—sensitivity,
spec—specificity, acc—unweighted accuracy, back—balanced accuracy (sensitivity + specificity)/2,
BL—probable BL (the base rate of 75% that could be achieved by classifying all cases as negative),
ROC—receiver operating characteristic (shows the performance of all compared trees using the same
cue order numbered according to their resulting balanced accuracy (in the training set), each data
point shows the false alarm rate (FAR) on the x-axis and sensitivity/hit rate (HR) on the y-axis),
hi—hit, mi—miss, cr—correct rejection.

4. Discussion

The aim of this work was to develop decision trees that can be used to estimate the
risk of developing POD both pre-operatively and postoperatively in older adult patients.
We were able to create two decision trees that differed in the parameters included. The
pre-operative decision tree contained four cues (CCI, site of surgery, ASA PS and frailty
status) and the postoperative contained three cues (duration of anesthesia, age and CCI).
Before estimating fast-and-frugal trees (FFTrees), we compared two methods of FFTree
construction (the ifan algorithm (FFTi) and the dfan algorithm (FFTd)) with unconstrained
classification trees (UDTs, based on CART) and logistic regression. Fast-and-frugal trees are
minimal binary classification trees that are constrained in terms of their structure. Various
algorithms have been proposed for the construction of fast-and-frugal trees [22,25,29,42].
Here, we chose two algorithms that have been proved most competitive in achieving a high
balanced accuracy [22], the ifan algorithm (FFTi) and the dfan algorithm (FFTd). A natural
comparison for highly constrained fast-and-frugal trees are unconstrained classification
trees (UDTs). Furthermore, we compared FFTrees with binary logistic regression models
(LogReg), which predict the probability of an older adult patient being at risk for POD
based on a weighted integration of all provided cues. It should be noted that, due to the
relatively smaller number of positive cases in the sample, models aimed at achieving a high
unweighted accuracy would, in contrast, likely sacrifice sensitivity for specificity, which
would not be in line with the aims for the decision tool.

The results were in line with previous model comparisons [22,25,29]. More flexible
models generally outperform less flexible models in this type of fitting performance. In
line with this, unconstrained decision trees exhibited the best average balanced accuracy
in the training set in the pre-operative model comparison, followed by logistic regression
and the two FFTree models. The distribution of results across trials demonstrated the
variability across trials and put the average differences into context. In the testing set with
pre-operative modeling, logistic regression showed the highest balanced accuracy, closely
followed by fast-and-frugal trees constructed with the ifan algorithm. All models showed
worse performance in the testing set when predicting cases that were not part of the sample
used to estimate their parameters. The inflation of predictive accuracy when predicting
familiar cases has also been termed “overfitting”, and it is usually more pronounced in
more complex and flexible models. As expected, the performance of unconstrained decision
trees suffered the most, changing the order of performance in the testing set.

Adding the postoperative variables improved the performance of all models, both in
fitting the training set and predicting the test set. Again, the order of performance changed
between fitting and prediction, with unconstrained decision trees showing the best fitting
performance and the worst prediction performance. In contrast to the previous comparison,
the fast-and-frugal trees outperformed both alternative models in prediction. Based on
these model comparisons, we chose the ifan algorithm for pre-operative testing and the
dfan algorithm for FFTree construction. It should be noted that the model comparison used
50% of the full dataset, providing a training sample that was smaller than the full sample.
The advantage of this method is that training samples were less correlated. However, larger
sample sizes tend to make logistic regression and CART more competitive. Based on our
results for model comparison, we argue that FFTrees performed similarly to logistic regression
and were not necessarily superior. From our point of view, the choice of method could be
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guided by the availability of data: the more data there are, the better the case for using more
complex methods to achieve better predictive capability. In smaller (and often typical) datasets,
the case is stronger for FFTrees. Moreover, FFTrees are simpler to apply, easier to communicate
and requires less information, but they are competitive in predicting cases.

For all the cues included in the FFTrees, there is strong evidence in the literature [11,43–45]
that they are independent risk factors in the development of POD and have to be considered
in perioperative care according to guideline recommendations. The fact that age was not
considered in the pre-operative decision tree may reflect the relevance of biological age
rather than chronological age. In the pre-operative decision trees, this is represented by
frailty status. Duration of anesthesia had a strong impact in decision tree development. It
can be regarded as a surrogate for extent of surgery and associated inflammation, toxicity
of anesthesia or intraoperative complications, such as bleeding or organ damage. All of
these factors influence the risk for developing POD. The evaluation of this simple surrogate
(duration of anesthesia) is significant for clinical applicability.

To the best of our knowledge, this is the first time decision trees were created for
the risk stratification of POD. In the past, more emphasis has been placed on developing
predictive models with clinical implications that remain unclear. A number of prediction
models have been developed but primarily to predict delirium risk (not POD risk) [17] or
for ICU patients [15,18,20,46]. A simple translation to surgical patients is problematic, as
the needs of surgical patients are not addressed. Although surgical patients have a baseline
risk of developing POD, surgery is such a relevant incident that it requires reassessment of
risk. This means that models for POD must be adaptable and must include the conditions
associated with surgery.

The oldest prediction model for delirium, developed in the 1990s, included the evalua-
tion of vision and cognitive impairment, severe illness and high urea nitrogen/creatinine
ratio [17]. Prediction models for ICU delirium include—besides age parameters, which
are primarily related to intensive care treatment, such as for coma—use of sedatives and
morphine [46], respiratory failure [20], vasoactive medication use and requirement of con-
tinuous renal replacement therapy and mechanical ventilation [15]. Some of them were
developed through retrospective analysis [15,18].

There are three noteworthy studies that address modeling for POD risk prediction
that have been recently published. A nine-item model for predicting POD risk with an
area under the curve (AUC) of 0.77 was developed in a cohort of patients with acute hip
fracture [47]. In this model, ASA PS was also considered, as well as functional dependence
and pre-operative use of mobility aids, which are surrogates for frailty. Although this
model was based on an extensive dataset, there was a crucial limitation, as POD was not
determined prospectively but retrospectively by means of a chart review. Another seven-
item model with an AUC of 0.82 was developed in older adult orthopedic patients in the
ICU [19]. POD was determined prospectively, which reduced the sample size accordingly.
Here, intraoperative parameters could be considered. For example, in addition to age,
major hemorrhage was also included in the score. This score appears promising but also
has the limitations that it is a very specific patient group, not all of the parameters are
routine parameters (level of interleukin-6) and pre-operative application of the score is not
appropriate (three intraoperative parameters are included). These scores have in common
the limitation that eight or nine criteria may be too extensive for routine daily use. In this
regard, a score based on four items with an AUC of 0.83 for cardiac surgery patients is more
feasible for clinical application [16]. This score includes age, evaluation of MMSE, insomnia
needing medical treatment and low physical activity, which is equivalent to one item in our
frailty definition. Here, an automatic calculator, which calculates the risk, is actually available.
Nevertheless, intraoperative parameters are not considered in this approach either.

We were able to solve this challenge by developing both a tree for pre-operative
use and a tree for postoperative use. Furthermore, the datasets for development of the
decision trees included both parameters for which there is strong evidence regarding the
association with POD and parameters for which there are only hypotheses. With our work,
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we were able to select the most relevant parameters and rank them. It has been shown that
only parameters with existing strong evidence were relevant in our analysis. Sensitivity
appeared to be adequate in both trees. Specificity was very low in the pre-operative tree
at 0.46. This does not matter considering how these trees will be applied in clinical care.
In theory, all patients should receive a complete delirium screening and predisposing and
precipitating factors should be anticipated. Since this is not implemented across the board
for various reasons, the application of decision trees was intended to fill this gap, at least
for those patients who should receive screening and special attention in any case. There is
no disadvantage in giving special attention pre-operatively to a probably higher number of
patients with misclassified increased risk of delirium. The postoperative decision tree has a
higher specificity, which is relevant for clinical application, since POD screening requires
personnel resources that are supposed to be extensive. The next steps include validation of
the decision trees and verification of clinical practicability.

Strength and Limitations

A key strength of this study is the prospective design of the POD assessment. POD
was assessed through a comprehensive, standardized and validated assessment. While
the use of routine data for modeling, as in many of the previously discussed models,
has the great advantage that extensive datasets are available, this must be viewed very
critically, especially in the case of the clinical picture of postoperative delirium. Especially
due to its fluctuating characteristics and the frequent occurrence of hypoactive forms, a
comprehensive validated screening is essential. As described above, there is a large gap in
POD coverage, so it cannot be assumed that POD screening is implemented adequately.
This raises doubts about the quality of the analysis of routine data.

The study database contained extensive information on both parameters for which there
is strong evidence regarding the association with POD and parameters for which there are
only hypotheses. In addition, we were able to develop the decision trees based on a dataset of
patients covering a wide range of surgical disciplines (see Supplementary Table S1), which
reflects the conditions that apply to the perioperative risk evaluation settings in clinical
practice and gives the translation approach a bit more feasibility.

Nevertheless, some important limitations must be considered. Even though our
dataset was very high quality and extensive, the sample size was small. Therefore, the
model comparison used 50% of the full dataset, providing a training sample that was
smaller than the full sample. Larger sample sizes tend to make unconstrained classification
trees and logistic regression more competitive whereas smaller sample sizes do the opposite.
Therefore we would like to argue that the choice of method should be guided by the
availability of data: the more data there are, the better the case for using more complex
methods to achieve a better predictive capability. In smaller (and often typical) datasets,
the case is stronger for the FFTrees. Finally, we were able to provide initial insights with
our analysis, but these still need to be validated.

5. Conclusions

Within the pre-operative setting, FFTrees outperformed the more complex UDT algo-
rithm with respect to their predictive balanced accuracy, nearing the prediction level of
logistic regression. Within the postoperative setting, FFTrees outperformed both complex
models. Applying the best-performing algorithms to the full datasets we propose an FFTree
using four cues (CCI, site of surgery, ASA PS and frailty status) for the pre-operative setting
and an FFTree containing only three cues (duration of anesthesia, age and CCI) for the
postoperative setting. Given that both FFTrees contain considerably fewer criteria, which
can be easily memorized and applied by health professionals in daily routine, FFTrees
could help identify patients requiring intensified POD screening.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11195629/s1, Supplementary Information S1: Assessment of

204



J. Clin. Med. 2022, 11, 5629

pre-operative cognitive impairment. Supplementary Information S2: Assessment of frailty status.
Supplementary Information S3: Further information on the models applied. Supplementary Table S1:
Overview of surgical sites of the surgical procedures (n = 394). References [48–54] are cited in the
supplementary materials.
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Abstract: Spinal anaesthesia is an established component of perioperative management for fast-track
lower limbs arthroplasty. Short-acting local anaesthetics may present an interesting option for primary
non-complicated knee (TKA) and hip (THA) arthroplasty. We describe the perioperative outcomes in
patients operated under fixed 50 mg spinal chloroprocaine for total hip and knee replacement. In
this retrospective case series study, 65 patients were analysed (median age 65 years, 55% females,
benefit from THA (n = 31), TKA (n = 25), and unicompartmental knee arthroplasty (n = 9)). In all
cases, anaesthesia duration (87 min) was sufficient for successful surgery (52 min). Up to 45% of
patients (THA and less in TKA) developed postoperative pain in the post-anaesthesia care unit
(PACU), requiring intravenous morphine titration (up to 7.5 mg). One patient developed severe
breakthrough pain requiring advanced regional analgesia. The median PACU stay was up to 97 min
(less in TKA), and the incidence of nausea and urinary retention was low. All patients were able to
start physical therapy on the same day of surgery. These findings encourage the use of a short-acting
agent for spinal anaesthesia in patients with primary non-complicated arthroplasty; however, the
relay analgesia should be systematically implemented to avoid breakthrough pain in PACU.

Keywords: arthroplasty; chloroprocaine; perioperative outcome; spinal anaesthesia

1. Introduction

Although the best choice of anaesthesia technique for major orthopaedic surgery
is a matter of debate, spinal anaesthesia is an established component of perioperative
management for fast-track lower limb arthroplasty [1,2].

Bupivacaine is one of the most common options for spinal anaesthesia in total hip
(THA) or total knee (TKA) arthroplasty. It produces a well-known dose-dependent long-
acting anaesthesia and analgesia, associated with postoperative urinary retention and de-
layed motor function recovery, which have led to multiple studies looking for a minimally
effective dose, with non-compromising anaesthesia safety and fast-track protocols [3,4].
However, even lower doses of bupivacaine were not constantly associated with a signif-
icant improvement in the term of events, precluding the meeting of fast-track protocol
requirements [5].

The development of modern approaches in hip and knee arthroplasty—such as ante-
rior access in hip surgery, the sub-vastus/medial parapatellar approach in knee surgery,
and robot-assisted techniques for both procedures—allowed for a significant reduction in
surgical trauma (associated with bleeding, tissue damage, pneumatic tourniquet, and post-
operative pain) and procedure time (shortening of surgical time by less than 60 min) [6,7]. A
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one-night stay or ambulatory setting has become a daily practice in patients with scheduled
THA and TKA. Postoperative anaesthesia and analgesia, adapted to the particularities of
the patients, surgical trauma, and operating time, must maximize the principles of early
rehabilitation and preserve functional capacity.

The arsenal of local anaesthetics used for spinal anaesthesia in orthopaedic surgery
includes chloroprocaine, a short-acting local anaesthetic, particularly interesting for sched-
uled short-duration orthopaedic surgery. The advantages of this molecule include the
motor and sensory block of rapid installation, the duration of analgesia allowing surgery
of 60 min, and the low rate of adverse effects associated with spinal anaesthesia compared
to that with conventional agents (bupivacaine) (hypotension, urinary retention, delay in
lifting sensory block).

Spinal anaesthesia with 50 mg of chloroprocaine produces surgical anaesthesia of
60 ± 15 min [8] with respect to outpatient surgery criteria [9]. In our centre, we use spinal
chloroprocaine anaesthesia in selected patients scheduled for TKA or THA, and in whom
the duration and course of surgery are short and predictable. To date, only one team has
recently reported their positive experience of using spinal anaesthesia with chloroprocaine
in the context of hip surgery [10].

In this paper, we describe the perioperative outcomes of such patients based on
our experience. Our report will be an addition to the literature, to develop anaesthesia
techniques adapted to the patient’s journey and integrate surgical particularities.

The main objective of our retrospective study was to analyse the safety and efficacy of
short-term spinal anaesthesia (with chloroprocaine) in selected patients who benefit from
hip or knee arthroplasty. The secondary objectives were to analyse the characteristics of
postoperative analgesia related to the anaesthetic technique, and the events related to this
anaesthesia during the postoperative 24 h.

2. Materials and Methods

A retrospective study on patients who received spinal anaesthesia for total knee or hip
surgery during the years 2020–2021 in a French regional referral centre was performed.

Through the institutional health records system, we identified patients who received
spinal anaesthesia with chloroprocaine for elective primary knee or hip arthroplasty. For
that, we solicited an Institutional Review Board and sent all identified patients an informed
consent form. According to French legislation, if there was no negative response to the use
of data for the research, patients were included in the analysed cohort.

We extracted demographic data (age, sex, body mass index, American Society of Anes-
thesiologists (ASA) status, prostate hypertrophy history), perioperative data (time from
spinal anaesthesia to incision, surgical time, blood loss, surgical incidents, the tourniquet
use), anaesthesia-related data (level of spinal puncture, sensitive bloc level, time to the mo-
tor block, intraoperative need for sedation, bradycardia (heart rate less than 60 per minute),
hypotension (mean blood pressure less than 60 or the use of vasopressors)), postoperative
data (duration of motor block, the need of supplementary analgesia in post-anaesthesia
care unit (PACU), the incidence of moderate to severe pain in PACU, the length of stay
(LOS) in PACU, the incidence of postoperative urinary retention and nausea/vomiting in
first 24 h), and failure to initiate physical therapy at day 0.

2.1. Standard Institutional Protocol for Perianesthesia Management

All patients scheduled for arthroplasty undergo a standard institutional pre-anaesthesia
evaluation at least 3 weeks before surgery. Spinal anaesthesia (hyperbaric bupivacaine
and sufentanyl), combined with optional regional anaesthesia (such as a single shot or
continued adductor canal block for UKA/TKA or ilioinguinal/lateral cutaneous nerve
block), and perioperative comfort choice (stepwise choice of sound-isolating earphones,
music, distracting virtual reality, or light propofol sedation) is a common approach, used in
more than 90% of cases at our institution. A prilocaine–lidocaine patch is systematically
used for local analgesia of the lumbar puncture site [11]. Optional anxiolysis, based on
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Amsterdam Anxiety and Information Scale (APAIS) or a single numeric score, may be
administered at the patient’s admission to the hospital or pre-anaesthesia room [12,13].

After surgery, patients are admitted to the post-anaesthesia care unit. Additional
analgesics are administered as needed. This includes a stepwise administration of ac-
etaminophen, ketoprofen, and morphine titration pro re nata. The volume of the bladder is
systematically assessed with a bedside ultrasound device (Bladderscan®, Verathon Medical
BV, Amsterdam, The Netherlands). An evacuator urinary catheter is placed if the bladder
volume is more than 500 mL after the failure of spontaneous urination. Discharge crite-
ria are based on the Aldrete score [14], and the Bromage scale [15] is used to assess the
resolution of motor block after spinal anaesthesia.

2.2. Choice of Patients for Spinal Anesthesia with Chloroprocaine

Patients are systematically informed about the choice of local anaesthetics during the
pre-anaesthesia clinics. The ultimate decision to use spinal chloroprocaine is made by an
anaesthesiologist after a discussion with the operating surgeon. The following criteria
are taken into account: (1) the absence of anticipated surgical difficulties for scheduled
primary arthroplasty, (2) compensated comorbidities, and (3) patient compliance. We use
a single 50 mg dose of chloroprocaine (Clorotekal®, Nordic Group BV, Hoofddorp, The
Netherlands) without additives.

2.3. Surgical Procedures for TKA, UKA and THA

Total knee arthroplasty is performed using the medial parapatellar approach. THA is
performed through the anterior approach. In all cases, a local anaesthetic infiltration (LIA)
is used. In TKA/UKA a three times infiltration with Ropivacaine 0.2% is used according
to the Kerr and Kohan technique [16]. In THA pericapsular and fascia iliaca infiltration is
used with Ropivacaine 0.2%. All arthroplasties were performed by senior surgeons.

2.4. Outcomes

The primary outcome was the proportion of patients with successful anaesthesia
technique using chloroprocaine. Anaesthesia was deemed to be successful if there was no
need to convert spinal anaesthesia to general intraoperatively, to use deep sedation and/or
remifentanil for the patient’s discomfort in the surgical site (pain in the surgical site) during
the procedure course.

Secondary outcomes were the need for advanced analgesia techniques for the break-
through pain in PACU (strong opioids and/or regional block, e.g., fascia iliaca compartment
or saphenous), and the incidence of PONV and UR in the first 24 h postoperatively.

2.5. Statistical Considerations

This is a retrospective non-probability sampling cohort descriptive study where no
hypothesis to test was stated. Descriptive quantitative and qualitative statistics are used,
data are presented as median [interquartile range, IRQ] or frequency (percentage) as
appropriate; non-parametric statistic methods are used for comparisons. A p-value less
than 0.5 indicates statistical significance. Statistical analyses were performed using JMP 11
(SAS, Cary, NC, USA) software.

2.6. Ethics Consideration

Our work received the approval of the institutional ethic committee, CSE-HCL-IRB
00013204, with the reference number 22-729, 25 January 2022, and communicated to the
French National Commission on Informatics and Liberty (CNIL), report N 22-5729. All
patients included in this study received informed consent for their medical data use. In
accordance with French legislation, a written patient’s agreement was not required for any
part of the study.
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3. Results

From 2020 through 2021, sixty-eight patients who received chloroprocaine for
THA/TKA/UKA were identified. One month after informed consent was sent, two patients
expressed their unwillingness to participate. Medical data for 66 patients were extracted;
in one patient spinal anaesthesia failed before the surgery due to a technical problem;
finally, 65 patients were included and analysed. Table 1 illustrates patients’ characteristics,
principal and supplementary anaesthesia techniques used before the surgery, the onset of
anaesthesia, surgical timing, and blood loss.

Table 1. Demographic, medical, and surgical characteristics (total, breakdown by THA, TKA, UKA).

Total THA TKA UKA

n = 65 n = 31 n = 25 n = 9

Age 65 [59 to 72] 62.6 [56 to 71] 67 [59.8 to 76] 68 [65 to 71]
Sex, Females 36 (55%) 16 (52%) 17 (68%) 3 (33%)

BMI 24 [21 to 29] 24.3 [20.8 to 28] 23.6 [21.4 to 31] 23.8 [21 to 29]
ASA III 8 (12%) 4 (13%) 3 (12%) 1 (11%)

Hospitalization type (outpatients) 44 (68%) 24 (77%) 14 (56%) 6 (67%)
BPH (males, n = 29) 11 (38%) 2 (13%) 5 (62%) 4 (66%)

LP level L3-L4 36 (55%) L3-L4 13 (42%) L3-L4 17 (68%) L3-L4 6 (67%)
L4-L5 29 (45%) L4-L5 18 (58%) L4-L5 8 (32%) L4-L5 3 (33%)

Level of block, Th 10 [8 to 11] 10 [7 to 11] 10 [8 to 11] 10 [8.5 to 11]
Preoperative regional anaesthesia 27 (42%) 3 (10%) 19 (76%) 4(33%)

ACB n/a 9 (36%) 4 (33%)
C-ACB n/a 10 (40%) 0 (11%)
LCNB 3 (10%) n/a n/a

Time to surgical block 8 [6 to 10] 8 [6 to 10] 7 [6 to 10] 7 [5.5 to 10]
Time to incision 16 [13 to 19.5] 17 [14 to 22] 14 [11 to 18] 14 [11.5 to 16.5]

Length of surgery 52 [44.5 to 57.5] 44 [41 to 48] 55 [52.5 to 62] 58 [51.5 to 66]
Tourniquet use 10 (15.6%) n/a 1 (4%) 9 (100%)
Blood loss, mL 200 [150 to 300] 200 [105 to 300] 250 [150 to 300] 100 [75 to 225]

THA—total hip arthroplasty; TKA—total knee arthroplasty; UKA—unicompartmental knee arthroplasty. BMI—body
mass index; BPH—benign prostatic hyperplasia; LP—lumbar puncture, Th—thoracic level; ACB—adductor canal
block; C-ACB—continuous adductor canal block; LCNB—lateral cutaneous nerve block. Data are presented as
median [IQR] and frequency (percentage).

3.1. Primary Outcome

No failed spinal anaesthesia regarding the surgical timing was observed. Sixty-five patients
were operated under a single spinal 50 mg chloroprocaine dose without the need for deep
sedation or conversion into general anaesthesia.

3.2. Secondary Outcomes

In one case the surgeon complained of operative discomfort due to incomplete motor
block; however, no conversion to general anaesthesia or deep sedation was required
(TKA). Half of the patients received light sedation with propofol (target-controlled infusion,
Schnider model for site-effect concentration [17]). Five (4 with THA and 1 with TKA)
patients received remifentanil perfusion in the middle of the surgery for painful discomfort
beyond the surgical site (spine or shoulder pain due to positioning on the surgical table).
Data are reported in Table 2.

Regarding postoperative findings, the time for complete regression of the motor block
(charted as Bromage score 0—full flexion of the knee and feet) after 50 mg of chloropro-
caine was about 90 min. Up to thirty percent of patients developed pain in the surgical
site, requiring morphine titration. One patient (THA) had breakthrough pain requiring
postoperative fascia iliaca block. Median PACU LOS was 1 h; however, in patients with
THA this time was higher. The incidence of PONV was 4%, and one patient developed
urinary retention. All patients were able to start physical therapy on the same day of
surgery (Table 3). No transient neurological symptoms related to spinal anaesthesia, LIA,
or regional anaesthesia were captured from the electronic health records.
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Table 2. Perioperative secondary outcomes.

Total THA TKA UKA p

n = 65 n = 31 n = 25 n = 9

Surgical discomfort 1 (1.5%) 0 (0%) 1 (4%) 0 (0%) n/a
Hypotension 5 (7.7%) 3 (10%) 2 (8%) 0 (0%) 0.629
No sedation 26 (40%) 11 (35%) 11 (44%) 4 (44%) 0.617

VR 2 (3%) 0 (0%) 1 (4%) 1 (12%) 0.223
Propofol (light sedation) 33 (51%) 17 (55%) 12 (48%) 4 (44%) 0.808

Remifentanil 5 (7%) 4 (13%) 1 (4%) 0 (0%) 0.299

THA—total hip arthroplasty; TKA—total knee arthroplasty; UKA—unicompartmental knee arthroplasty. RA—regional
anaesthesia, LP—lumbar puncture; IO—intraoperative, VR—virtual reality glasses. Data are presented as median
[IQR] and frequency (percentage).

Table 3. Postoperative secondary outcomes.

Total THA TKA UKA p

n = 65 n = 31 n = 25 n = 9

Time to complete regression of the motor block, min 87 [78 to 97.5] 84 [76 to 96] 94 [79 to 101] 88 [82 to 93] 0.466
Patients having pain ≥4/10 in PACU 20 (30%) 14 (45%) 5 (20%) 1 (11%) 0.0260

with preoperative RA 5 (8%) 1 (3%) 3 (12%) 1 (11%) 0.759
without preoperative RA 14 (22%) 13 (42%) 1 (4%) 0 (0%) 0.130

Pain level in PACU (out of 10) * 5 [4 to 7] 5 [4 to 7.5] 4 [3.5 to 8.5] 7 [7 to 7] 0.705
Morphine use *, mg 6.5 [5.25–10] 7.5 [4.75 to 7.75] 6 [6 to 10.5] 6 [6 to 6] 0.933

PACU LOS, min 61.4 [52 to 115] 97 [60 to 141] 61.5 [42 to 93] 61 [29.6 to 66] 0.0008
PONV 3 (4%) 1 (3%) 2 (8%) 0 (0%) 0.543

UR 1 (1.5%) 1 (3%) 0 (0%) 0 (0%) 0.573
Fail to initiate PT 0 0 0 0

THA—total hip arthroplasty; TKA—total knee arthroplasty; UKA—unicompartmental knee arthroplasty. MB—motor
block; PACU—post-anaesthesia care unit; RA—regional anaesthesia; PONV—postoperative nausea and vomiting;
LOS—length of stay; PONV—postoperative nausea and vomiting; UR—urinary retention. PT—physical therapy.
*—data reported for patients with pain >4/10. Data are presented as median [IQR] and frequency (percentage).

We illustrate the timing of anaesthesia, surgery, and PACU stay in Figure 1.

Figure 1. The sequence of anaesthesia, surgery, and PACU in the overall studied population. PACU—
post-anaesthesia care unit; LOS—length of stay.

4. Discussion

We report our experience of spinal anaesthesia with a fixed 50 mg dose of chlorop-
rocaine in selected patients, who benefited from non-complicated primary knee or hip
arthroplasty with a fast-track protocol. In all patients, the duration of spinal anaesthesia
allowed them to accomplish surgery with success and with no need for deep sedation or
general anaesthesia. Although plain chloroprocaine for spinal anaesthesia is recommended
for procedures not exceeding 40 min [18], several studies have reported its safe use for
procedures lasting up to 100 min [19], including hip arthroplasty [10].

Other analysed data are in line with already published outcomes regarding PK/PD-
related effects of chloroprocaine (surgical bloc onset, duration, and regression), surgical
timing, PACU LOS, PONV, and voiding [9,19,20].
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The constant increase in the volume of fast-track and outpatient orthopaedic surgery
will predictably lead to the highly controlled optimisation of the anaesthesia care, surgery,
and discharge process. For instance, short-acting spinal local anaesthetics were tested and
demonstrated a more consistent return of lower-extremity motor function compared to
bupivacaine, without a concomitant increase in complications potentially associated with
spinal anaesthetics [21,22].

However, we would like to emphasize two points observed in our real-life study.
First, we noticed a significant number of patients who developed pain in the PACU

and required morphine titration. The proportion of such patients was two times higher in
those who benefited from THA compared to TKA. Moreover, one patient with THA needed
an advanced regional analgesia technique for breakthrough pain in PACU. Indeed, chloro-
procaine provides a fast onset and relatively short duration, but also the abrupt cessation
of a sensitive block because of its high dissociation constant, low partition coefficient, and
protein binding and degradation by plasma cholinesterase [23]. As such, a pre-emptive
relay analgesia technique should be systematically implemented in patients who benefit
from chloroprocaine spinal anaesthesia for short but painful procedures.

All our patients had local infiltration analgesia performed by a surgeon at the end of
the procedure. In the case of THA, such a technique probably does not provide 100% relay
analgesia. We are not able to conclude if there were some technical flaws while performing
LIA; however, the place of systematic preoperative regional analgesia is apparent, with the
best technique yet to be defined in both THA and TKA patients.

Another option may be the addition of a spinal short-acting opioid adjuvant to chlorop-
rocaine, such as fentanyl or sufentanyl to extend the time of the analgesic effect [24], but the
potential of spinal opioids to produce urinary retention may alter fast-track protocol adherence.

The second point is the changes in the established workflow when chloroprocaine is
used for arthroplasty patients (Figure 1). We have a two-bed pre-anaesthesia room adjunct
to three orthopaedic operating theatres. In this room, patients are prepared—venous line,
standard monitoring, surgical site skin preparation—and receive all types of regional
anaesthesia including spinal. Patients are transferred to the operating theatre when the
sensitive block is established at least at Th10 level and in-theatre anaesthetic and surgical
devices and consumables are ready.

The quick onset of motor block and limited surgical block duration may put pressure
on and increase the workload of paramedical staff. Therefore, managing nurses and
clinicians should probably be informed about such particularities, as well as PACU nurses
to organize fast discharge.

Regarding the eventual breakthrough pain in PACU, following quick chloroprocaine
sensitive block regression, patients should receive additional information about relay
analgesia and treatment options available (opioids titration or advanced regional analgesia
techniques) in PACU to prevent dissatisfaction.

Our study has several limitations. It is an observational study with a convenience
sample size, with the strength of case series design (high external validity and no interfer-
ence in the treatment decision process), and well-known limitations (lack of comparison
group, susceptible to selection bias). However, the sample size of 60 patients per group
yielded 80% power in a randomized trial comparing spinal chloroprocaine and bupivacaine
in terms of time-effect [19]. Therefore, our observations may be valid for the duration
of the surgical block. For the analysis of secondary outcomes in PACU (PONV, urinary
retention, and opioid needs), the number of patients with chloroprocaine is too low to allow
a propensity-matched retrospective design, and a prospective randomized controlled study
would be methodologically more appropriate. We were not able to analyse the exact causes
of breakthrough pain in our patients; however, this study allowed us to improve our local
practice and to implement systematic complementary regional analgesia in addition to LIA
in all patients operated under chloroprocaine spinal anaesthesia. Transient neurological
symptoms associated with anaesthesia techniques were not captured from the electronic
health records, and therefore were not evaluated. The workload of clinicians might be in-
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teresting to study when comparing the implementation of different anaesthesia techniques.
Patients’ opinions and satisfaction were not measured.

5. Conclusions

In conclusion, in selected patients undergoing primary knee or hip arthroplasty, the use
of spinal anaesthesia with 50 mg of chloroprocaine was successful and safe for the surgery
lasting ≤60 min. Up to 45% of patients may experience breakthrough pain in PACU if relay
analgesia is not anticipated. These data may be useful for designing controlled studies.
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Abstract: Benzodiazepines are the most commonly used sedatives for the reduction of patient anxiety.
However, they have adverse intraoperative effects, especially in obstructive sleep apnea (OSA)
patients. This study aimed to compare dexmedetomidine (DEX) and midazolam (MDZ) sedation
considering intraoperative complications during transurethral resections of the bladder and prostate
regarding the risk for OSA. This study was a blinded randomized clinical trial, which included
115 adult patients with a mean age of 65 undergoing urological procedures. Patients were divided
into four groups regarding OSA risk (low to medium and high) and choice of either MDZ or DEX. The
doses were titrated to reach a Ramsay sedation scale score of 4/5. The intraoperative complications
were recorded. Incidence rates of desaturations (44% vs. 12.7%, p = 0.0001), snoring (76% vs. 49%,
p = 0.0008), restlessness (26.7% vs. 1.8%, p = 0.0044), and coughing (42.1% vs. 14.5%, p = 0.0001)
were higher in the MDZ group compared with DEX, independently of OSA risk. Having a high
risk for OSA increased the incidence rates of desaturation (51.2% vs. 15.7%, p < 0.0001) and snoring
(90% vs. 47.1%, p < 0.0001), regardless of the sedative choice. DEX produced fewer intraoperative
complications over MDZ during sedation in both low to medium risk and high-risk OSA patients.

Keywords: dexmedetomidine; midazolam; STOP BANG questionnaire; intraoperative complications;
spinal anesthesia; sedation; obstructive sleep apnea; transurethral resection of bladder; transurethral
resection of prostate

1. Introduction

Obstructive sleep apnea (OSA) is the most common sleep breathing disorder, charac-
terized by repetitive episodes of complete (apnea) or partial airway obstruction (hypopnea)
during sleep, often resulting in a reduction in blood oxygen saturation and usually ter-
minated by brief arousals [1,2]. Depending on the diagnostic and sample criteria, the
prevalence in the general population is estimated to vary between 3 and 24%. Still, it is gen-
erally much higher in patients undergoing surgery (24 to 41%) and in the obese and ageing
populations [1,2]. OSA is considered to be a chronic disease associated with cardiovascular
and metabolic consequences [3]. Therefore, patients with OSA are exposed to a higher risk
for perioperative complications and represent a challenge to anesthesiologists during the
entire perioperative period [4–6].

Today, in preoperative screening, some questionnaires are recommended, among
which the STOP-BANG questionnaire is the most commonly used [4,7,8]. High-risk patients
had a five times greater chance of developing unexpected perioperative complications [9].

Spinal anesthesia offers many advantages over general anesthesia, and, as such, is the
technique of choice for transurethral resections of the prostate and bladder (TURB/TURP) [10],
and is preferable in OSA patients [11]. In addition, sedation has increased patient satisfac-
tion during regional anesthesia [12,13]. Still, when sedation is induced, close attention is
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required for potential adverse events, such as upper airway obstruction, hypoventilation,
desaturation, and any cardiovascular complications [14]. Midazolam (MDZ) is one of the
oldest and most familiar drugs for sedation. However, relatively stable hemodynamics can
cause hypoxia, even in healthy individuals, by reducing hypoxic ventilator responses and
inducing upper airway obstruction [15]. Dexmedetomidine (DEX) acts as a selective α2
adrenergic receptor agonist with sedative and analgesic effects [16]. Moreover, DEX has
been less associated with the severity of OSA and respiratory depression [17]. Patients with
OSA may be at increased risk for adverse respiratory events from intravenous benzodi-
azepine sedation. At the same time, there is a lack of evidence to assess the adverse effects
of α-2 agonists in the OSA population [11].

So far, MDZ and DEX have been compared in various studies and types of surgery
under regional anesthesia, showing fewer intraoperative complications in patients sedated
with DEX than those with MDZ [18–20]. The majority of patients who underwent TURB
and TURP are older and are at increased risk for OSA [7]. Therefore, the primary objective
of the current study was to investigate the effects of benzodiazepine and alfa-2 agonists
under spinal anesthesia on intraoperative complications such as desaturation, snoring,
coughing, and restlessness in patients with TURB and TURP regarding the risk for OSA.

2. Materials and Methods

In this prospective, randomized, blinded clinical study, 115 adult patients aged be-
tween 18 and 80, who were scheduled to undergo elective TURB and TURP under spinal
anesthesia between April 2021 and February 2022, were enrolled. The study was ap-
proved by the Ethics Committee of the University Hospital of Split (Class: 500-03/21-01/12;
Registration number: 2181-147-01/06/M.S.-20-02) and was conducted under all of the
ethical principles of the Seventh Revision of the Helsinki Declaration from 2013. All
subjects gave their informed and individually signed consent for inclusion before partici-
pating in the study. The clinical trial registry number is NCT04817033 and can be found
at Clinical-trials.gov, 20 August 2022. The exclusion criteria were as follows: regional
anesthesia contraindications, American Society of Anesthesiologists (ASA) physical sta-
tus classification system >III, atrioventricular cardiac block II and III degree, psychotic
disorders, dementia, and participants with tracheostomy and allergy on DEX or MDZ.

The STOP-BANG questionnaire includes eight dichotomous (yes/no) questions re-
lated to the clinical features of sleep apnea (snoring, tiredness, observed apnea, high blood
pressure, BMI, age, neck circumference, and male gender) [7,9]. For each question, an-
swering “yes” scores 1, a “no” response score 0, and the total score ranges from 0 to 8. It
classifies participants into three groups based on the STOP-BANG score, as follows: low
(0–2), intermediate (3–4), and high risk (5–8). Those with STOP-BANG scores of 3 or 4 can
be further classified as having an increased risk for moderate to severe OSA if they have
both a STOP (snoring, tiredness, observed apnea, and high blood pressure) score of ≥2
and one of the following conditions: (1) BMI > 35 kg/m2; (2) neck circumference > 40 cm;
or (3) are of the male gender.

Before surgery, patients were given the STOP BANG questionnaire. Patients were
stratified into two groups according to the STOP-BANG questionnaire results: high (h)-
risk OSA, and low- to medium (l-m)-risk OSA. Then, patients in each OSA risk group
were allocated by computer-generated permuted block randomization (block size was
10 patients) into the MDZ or DEX group. Thus, in this factorial design, four groups were
created: h-risk OSA MDZ, h-risk OSA DEX, l-m risk OSA MDZ, and l-m risk OSA DEX
(Figure 1). The group allocations were contained in a closed envelope that was opened
before surgery after the completed enrolment procedure.
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Figure 1. Patient flowchart. OSA—obstructive sleep apnea; TURB—transurethral resection of bladder;
TURP—transurethral resection of prostate; RA—regional anesthesia; ASA—American Society of
Anesthesiologist; DEX—dexmedetomidine; MDZ—midazolam.

All participants were premedicated with 5 mg of diazepam (Alkaloid, Skopje, N. Mace-
donia) for 12 h and 1 h before surgery. Thromboprophylaxis (enoxaparin
4000–6000 IU, Sanofi – Aventis Groupe, Paris, France) was given at least 12 h before
surgery, depending on the body weight. Patients received an IV cannula with a switch
for perfusor in the operating theatre. Non-invasive monitoring (electrodes for ECG, blood
pressure cuff, and pulse oximeter) was placed before the induction of spinal anesthesia.
The skin was disinfected, and 40 mg of 2% Lidocaine (Belupo, Koprivnica, Croatia) was
given subcutaneously at the lumbar vertebrae 3/4 level. A 25 G spinal needle was used,
and after the dura and arachnoid were pierced, 12.5–15 mg of 0.5% Levobupivacaine (Fre-
senius Kabi, Bad Homburg von der Höhe, Germany) was applied. Patients were then
positioned in a uniform lithotomy position and a 9 cm high pillow was inserted. Time after
a subarachnoid block was T0, and sedation with MDZ or DEX was initiated via continuous
intravenous infusion. Drugs were prepared in the following manner: 50 mL of MDZ
0.3 mg/mL (midazolam, B. Braun, Melsungen, Germany) in saline for the MDZ group
and 50 mL of DEX 4 μg/mL (Dexdor, Orion Corporation, Espoo, Finland) in saline for
the DEX group. MDZ was initiated with a loading dose of 0.25 mg/kg/h (equivalent to
0.04 mg/kg) of ideal body mass, and DEX with loading dose of 0.5 μg/kg for 10 min. Every
10 min, the sedation level was observed with the Ramsay sedation scale (RSS) [21]. We used
standard drug dosing [15] similar to other studies [18–20,22]. After the same loading dose,
both drugs were titrated individually, that is, the reasons maintenance doses were given in
intervals. Equipotency was established by titrating the drugs to achieve an RSS score of 4
or 5 (closed eyes and patient exhibited brisk or sluggish response to a light glabellar tap or
loud auditory stimulus). The maintenance dose of MDZ was 0.03 to 0.06 mg/kg/h and 0.2
to 0.7 μg/kg/h for DEX. The independent blinded doctor assessed the RSS level and vital
parameters every 10 min, and the primary outcomes. Patients were also blinded. Systolic,
diastolic, and mean blood pressure (MAP) were noticed, along with heart rate (HR), oxygen
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saturation, RSS level, and adverse intraoperative events: desaturation, snoring as a sign of
airway obstruction, cough, and restlessness as factors affecting the surgeon. If peripheral
oxygen saturation fell below 90% for longer than 30 s, supplemental oxygen was delivered
by facemask with a reservoir bag at a flow of 10 L/min. After approximately 1 min, if
oxygenation was still inadequate, chin lift and jaw thrust maneuvers were performed,
and an oropharyngeal airway was inserted. If the heart rate fell below 50 bpm, atropine
0.1 mg/kg (Sopharma AD, Sofia, Bulgaria) was given, and if the systolic blood pressure
dropped below 100 mmHg (or MAP < 65 mmHg), ephedrine 5 mg (Sintetica, Münster,
Germany) bolus was given. The total crystalloid infusion volume was noticed at the end of
the surgery. All of the measurements were performed every 10 min and 1 h after surgery in
the recovery room.

The sample size was estimated based on the overall rate of intraoperative complica-
tions by Silva et al. (18). α was set to 5% and power to 80%. Thus, the required sample
size was 27 in both OSA risk groups. The sample size estimate was computed in G*Power
software (University of Kiel, Germany).

Statistical Analysis

The dependences of main outcome measures on the studied factors were analyzed
by logistical regression. The model included OSA risk and hypnotic treatment as the only
variables (logit[p(outcome)] = β0 + β1·OSArisk + β2·drug). Data are presented as odds
ratios or proportions for categorical variables, medians, and IQRs for continuous variables.
Furthermore, Mood’s test for medians and Fisher’s exact test were used to analyze the
secondary outcome measures. To aid inference, 95% CI, Akaike informational criteria, and
p values were used. p values were interpreted according to the ASA statement on p values.
Graphpad Prism 9 was used as software for the statistical analysis (GraphPad Software,
San Diego, CA, USA).

Primary outcome measures were as follows: (1) desaturation below 90% and (2) snor-
ing detection regardless of duration or intensity, and (3) coughing and (4) restlessness as
factors affecting surgeons because during TURB and TURP, patients have to be relaxed and
calm, as their movement could result in a punctured bladder/prostate by surgical resecto-
scope. So, when the surgeon complained about the participant’s movement, investigators
checked that on the list. Secondary outcome measures included: hemodynamic changes
during sedation (heart rate and arterial blood pressure) and tobacco smoking in anamnesis.

3. Results

A total of 115 patients were enrolled in the present study. Four patients dropped out
due to conversion of the anesthesia method from spinal to general, two of them due to
patchy spinal, and two due to the obturator reflex that disrupted the surgeon (Figure 1).

The demographic and clinical characteristics in all groups were balanced and in
accordance with the patient underlying conditions (Table 1). More specifically, patients
with high-risk OSA were more likely to be male; high-risk OSA patients receiving DEX had
a greater BMI than the same patients from the low- to medium-risk OSA group (p = 0.0002).
In both MDZ (p = 0.0075) and DEX (p = 0.0001) subgroups, the neck circumference was
also greater in high-risk OSA patients when compared with the low- to medium-risk OSA
patients. DEX patients in the low- to medium-risk OSA group had smaller ASA scores than
the same patients in the high-risk OSA group. Finally, in the low- to medium-risk OSA
groups, patients receiving DEX needed two additional minutes to close their eyes when
compared with the MDZ patients (p = 0.0052) (Table 1).
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Table 1. Demographic and clinical data.

OSA Risk Low to Medium High p Value *

hypnotic DEX MDZ DEX MDZ

age (years, median, IQR) 65 61 to 68.25 69.5 61.25 to 69.5 68 63 to 68 69 67 to 71.75 0.1207

sex (male, %) 67.65 80.56 90.48 100 0.0169

BMI (kg/m2, median,
IQR) 25.75 a 23.4 to 29.56 28.5 24.59 to 30.03 30.79 a 27 to 33.93 28.72 27.44 to

33.29 0.0009

neck circumference (cm,
median, IQR) 39 b 36.5 to 44 41 c 37.5 to 45 46 b 42.5 to 48 45 c 42.25 to 47 <0.0001

ASA score (median,
IQR) 2 d 2 to 2 2 2 to 2 2 d 2 to 3 2 2 to 2 0.0097

duration of surgical
procedure

(min., median, IQR)
50 30 to 70 50 30 to 70 40 30 to 70 60 40 to 70 0.3332

time for eyes closing
(min., median, IQR) 10 e 9 to 11.5 8 e 7 to 9 9 7 to 11 9.5 8 to 10.75 0.0389

baseline SpO2 (%,
median, IQR) 97 f 96.75 to 99 98 g 97 to 98 96 f,g 95 to 97 97 96 to 99 0.0053

STOP BANG (point,
median, IQR) 3 h 2 to 3 3 i 2 to 4 5 h,i 5 to 6 5 h,i 5 to 6 <0.0001

* Kruskal–Wallis test for continuous data and chi square test for categorical data, omnibus p value. DEX—
dexmedetomidine; MDZ—midazolam; BMI—body mass index; ASA—American Society of Anesthesiologists;
OSA—obstructive sleep apnea; a,b,c,d,e,f,g,h,i—Dunn’s post hoc test, p < 0.05.

3.1. Effects of OSA Risk on Primary Outcomes

Having a high risk for OSA increased the incidence of desaturation events from 51.2%
to 15.7% (OR = 8.9, 95%CI 3.25 to 28.4, p < 0.0001) in comparison with low- to medium-risk
for OSA, regardless of sedative choice. Likewise, when snoring events were observed
intraoperatively, it was found that high-risk OSA increased the frequency of snoring from
90% to 47.1% (OR = 14.26, 95% CI 4.67 to 55.58, p < 0.0001) when compared with low- to
medium-risk OSA. Intraoperative coughing or restlessness were not influenced by OSA
risk (Table 2).

Table 2. Intraoperative complications.

Outcome OSA Low to Medium Risk OSA High Risk
OR

(OSA
High)

95% CI
OR

(Dex)
95% CI

DEX (Total n = 34) MDZ (Total n = 36) DEX (Total n = 21) MDZ (Total n = 20) Lower Upper Upper Lower

n % n % n % n %

desaturation 2 5.88% 9 25.00% 5 23.81% 16 80.00% 8.981 3.257 28.4 0.112 0.032 0.323

snoring 10 29.41% 23 63.89% 17 80.95% 20 100.00% 14.26 4.67 55.58 0.195 0.072 0.491

coughing 4 11.76% 14 38.89% 4 19.05% 10 50.00% 1.62 0.66 3.98 0.225 0.084 0.548

restlessness 0 0.00% 9 25.00% 1 4.76% 6 30.00% 1.56 0.48 5.01 0.049 0.002 0.261

OSA—obstructive sleep apnea, DEX—dexmedetomidine, MDZ—midazolam, OR—odds ratio.

3.2. Effects of Hypnotic on Primary Outcomes

Here, 25 out of 56 (44%) MDZ patients had desaturation events compared with 7 out
of 55 (12.7%) DEX patients (OR = 0.11, 95%CI 0.28 to 0.03, p = 0.0001). Desaturations were
resolved by only applying supplemental oxygen in the DEX group, but in MDZ group,
seven patients (28% of desaturated MDZ patients) needed additional support (p = 0.3002).
A chin lift was performed six times and the jaw thrust maneuver once in MDZ patients
(three of them were high-risk OSA and four were low- to medium-risk OSA). In addition,
43 out of 56 (76%) MDZ patients snored in contrast with 27 out of 55 (49%) DEX patients
(OR = 0.19, 95% CI 0.78 to 0.08, p = 0.0008).

DEX decreased the probability of coughing by approximately 4.5 times, as coughing
was noticed in 8 out of 55 (14.5%) DEX patients vs. 24 out of 56 (42.1%) MDZ patients
(OR = 0.22 95%CI 0.55 to 0.08, p = 0.0018). Smoking did not seem to be a risk factor for
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intraoperative coughing (OR = 0.82, 95%CI 0.31 to 2.11, p = 0.6973). The restlessness, which
on its own may disrupt the surgeon, was noted in 1 out of 55 (1.8%) DEX patients as
opposed to 15 out of 56 (26.7%) MDZ patients (OR = 0.049, 95%CI 0.26 to 0.002, p = 0.0044)
(Table 2). In the MDZ group, two deliriums (2/56, 2.56%,) were observed, whereas none
were observed in the DEX group.

3.3. Effects of Hypnotics on Hemodynamics

When it comes to hemodynamics, the maximal decreases from baseline in MAP and
HR were analyzed. OSA risk did not show any significant effects on MAP or HR decrease
when compared with the baseline (i.e., pre-anesthesia measurement) (Figure 2a,b). The DEX
group median decrease in MAP from baseline was 26.07 mmHg (IQR 17.8 to 33 mmHg),
whereas MDZ caused a median decrease of 21.45 mmHg (IQR 16.33 to 31.26 mmHg)
(p = 0.07, Figure 2a,c). However, 15 (27%) patients in the DEX group needed ephedrine,
whereas 5 (9%) MDZ patients were given the same treatment (p = 0.0141).

Figure 2. Hemodynamic outcomes. Maximal decrease from the baseline (i.e., pre-anesthesia measure-
ment) of the mean arterial pressure (MAP) and heart rate (HR) in patients stratified by OSA risk and
hypnotic; mean and SD are also presented (a,b). Maximal decrease from baseline of MAP and HR in
patients stratified by hypnotic only; median is also presented (c,d).

When it comes to heart rate, DEX patients experienced a median decrease of 19 bmp
(IQR 13 to 23 bpm) compared with MDZ patients who had a median decrease of 12 bpm
(IQR 5.2 to 18 bpm) (p = 0.0002, Figure 2b,d). Atropine was given to nine (16%) patients in
the DEX group and only once (2%) in MDZ group (p = 0.0082).

4. Discussion

In this prospective, randomized, controlled trial, we explored if DEX or MDZ is a
better sedative for TURB and TURP under spinal anesthesia regarding OSA risk. The
results of our study indicate that DEX was superior to MDZ in both anesthesiologic and
surgical parts, as it had fewer airway complications and patients were calmer during
surgery, regardless of the OSA risk severity.
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Most recent guidelines for the management of patients with OSA recommend the
use of regional anesthesia when applicable [11]. During spinal anesthesia, sedation is
needed as it reduces patient anxiety and may be considered as a means to increase the
patient’s acceptance of regional anesthetic techniques [23]. DEX has been suggested to
cause minimal respiratory depression. Many studies have shown its stable respiratory
profile during spinal anesthesia [18,20,24]. On the other hand, Lodenius et al. measured
upper airway collapsibility during DEX and propofol sedation in healthy volunteers and
showed that DEX sedation does not inherently protect against upper airway obstruction [25].
Maybe these different effects of DEX are because of distinct loading and maintenance dose
regimens. There are few studies regarding the administration of DEX in OSA patients and
sedation [26–29]. Most of them compared it with propofol and showed better or similar
results in respiratory effects. However, all of these sedations were in invasive procedures
such as drug-induced sleep endoscopy. For sedation under spinal anesthesia, Shin et al.
reported that DEX sedation was shown to be associated with a reduced incidence of
obstructive airway events in patients with mild OSA compared with propofol sedation [22].
In addition, a recent study provided evidence of a positive correlation of the STOP-BANG
questionnaire with oxygen saturation in patients undergoing DEX sedation, suggesting the
use of the STOP-BANG score for preoperative evaluation and DEX sedation management
during spinal anesthesia [30].

We found fewer desaturation episodes (i.e., airway complications) in patients treated
with DEX when compared with MDZ, regardless of OSA risk, and also noticed a similar
effect regarding snoring. In addition, our findings showed that high-risk OSA patients
had a four times greater incidence of adverse respiratory events (23.8% vs. 5.8%) than
low- to medium-risk of OSA patients treated with DEX. No eligible studies compared
patients’ risk of adverse events under α2 agonists sedation with regards to confirmed OSA
diagnosis [11].

During surgery, patients had to be calm and there should not have been any movement
as there was a risk of perforation by the surgical resectoscope. We achieved it with moderate
sedation (closed eyes, RSS 4/5), because the pain stimulus was already blocked by spinal
anesthesia. It was reported that MDZ could have paradoxical reactions such as confusion,
violent behavior, and restlessness [18,31,32], which is in accordance with our findings,
where MDZ caused significantly more incidents of restlessness and coughing compared
with DEX, which disturbed surgeons, while OSA risk had no effect on such events.

DEX acts as a selective α2 adrenergic receptor agonist and is known to cause hypoten-
sion and bradycardia due to decreased centrally mediated sympathetic tone [33]. Spinal
anesthesia has a similar effect, although the lithotomy position preserves some drop in
blood pressure. Although it did not reach the level of statistical significance, we did find a
difference in MAP changes from baseline between DEX and MDZ groups. Furthermore,
much more ephedrine was given in DEX group, and DEX showed a significantly decreased
median heart rate compared with MDZ. Atropine was given more frequently to DEX
patients, which corresponds with previous findings [25,34].

Similar to our results, Silva et al. showed the benefits of DEX over MDZ among older
patients, but in different types of surgeries with various body positions within different
regional anesthesia methods [18]. Our study was the first to investigate the advantages
of different sedative choices in the context of OSA risk, in spinal anesthesia in TURB and
TURP surgeries under a uniform lithotomy position (with a 9 cm high pillow) with both
sedatives administered via continuous intravenous infusion without the use of opioids.
This study proposes the use of the DEX over MDZ in sedation management for TURB and
TURP surgeries.

This study has some limitations. It is well known that polysomnography remains the
gold standard in sleep investigation and the diagnosis of OSA. Because of the limitations for
performing polysomnography in our Split Sleep Center during the COVID pandemic, we
could evaluate the risk of OSA for patients using the STOP-BANG questionnaire. Snoring
was observed as an indication of upper airway obstruction in our study. However, it is
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very difficult to precisely define the presence of snoring due to the different intensities,
durations, and level of obstructions, which indicates the need for standardization in clinical
trials. In addition, one of limitations is that this study was done in one center and the
results could be different in centers not premedicating before such procedures. We only
followed up patients during the intraoperative period, hence it would be interesting to
prolong that follow up in future studies, so that outcomes such as risk of dysuria due to
atropine administration, delirium, and time spent in hospital can be observed.

In conclusion, DEX sedation was shown to be associated with a reduced incidence
of airway complications and patients were calmer with less surgery-disturbing factors
of restlessness and coughing in comparison with MDZ sedation, for both the low- to
medium-risk and high-risk OSA patients. Although DEX-treated patients showed more
hemodynamic instability, this was easily resolved by medications and thus we recommend
DEX as the sedative of choice for TURB and TURP under spinal anesthesia.

Author Contributions: Conceptualization, I.V. and B.D.; methodology, I.V., B.B. and R.P.; soft-
ware, B.B. and R.K.; validation, I.V. and Z.Ð.; formal analysis, B.B.; investigation, I.V. and R.K.;
resources, B.D. and Z.Ð.; data curation, R.P. and B.B.; writing—original draft preparation, I.V., R.P.
and B.D.; writing—review and editing, R.P.; visualization, B.B. and R.K.; supervision, B.D. and Z.Ð.;
project administration, Z.Ð. and R.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Ethics Committee of the
University Hospital of Split (Class: 500-03/21-01/12; Registration number: 2181-147-01/06/M.S.-20-
02), and was conducted under all of the ethical principles of the Seventh Revision of the Helsinki
Declaration from 2013.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The datasets are available upon reasonable request to the correspond-
ing author.

Acknowledgments: We kindly thank to all anesthesiology and urology department members who
were involved in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roesslein, M.; Chung, F. Obstructive sleep apnoea in adults: Peri-operative considerations: A narrative review. Eur. J. Anaesthesiol.
2018, 35, 245–255. [CrossRef] [PubMed]

2. Madhusudan, P.; Wong, J.; Prasad, A.; Sadeghian, E.; Chung, F.F. An update on preoperative assessment and preparation of
surgical patients with obstructive sleep apnea. Curr. Opin. Anaesthesiol. 2018, 31, 89–95. [CrossRef] [PubMed]

3. Goyal, S.K.; Sharma, A. Atrial fibrillation in obstructive sleep apnea. World J. Cardiol. 2013, 5, 157–163. [CrossRef] [PubMed]
4. Corso, R.; Russotto, V.; Gregoretti, C.; Cattano, D. Perioperative management of obstructive sleep apnea: A systematic review.

Minerva Anestesiol. 2018, 84, 81–93. [CrossRef] [PubMed]
5. Ng, K.T.; Lee, Z.X.; Ang, E.; Teoh, W.Y.; Wang, C.Y. Association of obstructive sleep apnea and postoperative cardiac complications:

A systematic review and meta-analysis with trial sequential analysis. J. Clin. Anesth. 2020, 62, 109731. [CrossRef]
6. Pivetta, B.; Sun, Y.; Nagappa, M.; Chan, M.; Englesakis, M.; Chung, F. Postoperative outcomes in surgical patients with obstructive

sleep apnoea diagnosed by sleep studies: A meta-analysis and trial sequential analysis. Anaesthesia 2022, 77, 818–828. [CrossRef]
7. Chung, F.; Yegneswaran, B.; Liao, P.; Chung, S.A.; Vairavanathan, S.; Islam, S.; Khajehdehi, A.; Shapiro, C.M. STOP Questionnaire.

A Tool to Screen Patients for Obstructive Sleep Apnea. Anesthesiology 2008, 108, 812–821. [CrossRef]
8. Wang, S.; Li, S.; Zhao, Y.; Zhao, X.; Zhou, Z.; Hao, Q.; Luo, A.; Sun, R. Preoperative screening of patients at high risk of obstructive

sleep apnea and postoperative complications: A systematic review and meta-analysis. J. Clin. Anesth. 2022, 79, 110692. [CrossRef]
9. Seet, E.; Chua, M.; Liaw, C.M. High STOP-BANG questionnaire scores predict intraoperative and early postoperative adverse

events. Singap. Med. J. 2015, 56, 212–216. [CrossRef]
10. Bhattacharyya, S.; Bisai, S.; Biswas, H.; Tiwary, M.K.; Mallik, S.; Saha, S.M. Regional anesthesia in transurethral resection of

prostate (TURP) surgery: A comparative study between saddle block and subarachnoid block. Saudi J. Anaesth. 2015, 9, 268–271.
[CrossRef]

224



J. Clin. Med. 2022, 11, 5849

11. Memtsoudis, S.G.; Cozowicz, C.; Nagappa, M.; Wong, J.; Joshi, G.P.; Wong, D.T.; Doufas, A.G.; Yilmaz, M.; Stein, M.H.; Krajewski,
M.L.; et al. Society of Anesthesia and Sleep Medicine Guideline on Intraoperative Management of Adult Patients With Obstructive
Sleep Apnea. Anesth. Analg. 2018, 127, 967–987. [CrossRef] [PubMed]

12. Pollock, J.E.; Neal, J.M.; Liu, S.S.; Burkhead, D.; Polissar, N. Sedation during spinal anesthesia. Anesthesiology 2000, 93, 728–734.
[CrossRef] [PubMed]

13. De Andrés, J.; Valía, J.C.; Gil, A.; Bolinches, R. Predictors of patient satisfaction with regional anesthesia. Reg. Anesth. 1995, 20,
498–505. [PubMed]

14. Becker, D.E.; Haas, D.A. Management of complications during moderate and deep sedation: Respiratory and cardiovascular
considerations. Anesth. Prog. 2007, 54, 59–68. [CrossRef]

15. Miller, R.D. Miller’s Anesthesia; Elsevier Saunders: Philadelphia, PA, USA, 2009.
16. Hall, J.E.; Uhrich, T.D.; Barney, J.A.; Arain, S.R.; Ebert, T.J. Sedative, amnestic, and analgesic properties of small-dose dexmedeto-

midine infusions. Anesth. Analg. 2000, 90, 699–705. [CrossRef]
17. Hsu, Y.W.; Cortinez, L.I.; Robertson, K.M.; Keifer, J.C.; Sum-Ping, S.T.; Moretti, E.W.; Young, C.C.; Wright, D.R.; Macleod, D.B.;

Somma, J. Dexmedetomidine pharmacodynamics: Part I: Crossover comparison of the respiratory effects of dexmedetomidine
and remifentanil in healthy volunteers. Anesthesiology 2004, 101, 1066–1076. [CrossRef]

18. Silva, J.M., Jr.; Katayama, H.T.; Nogueira, F.A.M.; Moura, T.B.; Alves, T.L.; de Oliveira, B.W. Comparison of dexmedetomidine
and benzodiazepine for intraoperative sedation in elderly patients: A randomized clinical trial. Reg. Anesth. Pain Med.
2019, 44, 319–324. [CrossRef]

19. Jo, Y.Y.; Lee, D.; Jung, W.S.; Cho, N.R.; Kwak, H.J. Comparison of Intravenous Dexmedetomidine and Midazolam for Bispectral
Index-Guided Sedation During Spinal Anesthesia. Med. Sci. Monit. 2016, 22, 3544–3551. [CrossRef]

20. Choi, Y.M.; Choi, E.J.; Ri, H.S.; Park, J.Y.; You, J.A.; Byeon, G.J. The effect of dexmedetomidine and midazolam on combined
spinal-epidural anesthesia in patients undergoing total knee arthroplasty. Anesth. Pain Med. 2020, 15, 111–119. [CrossRef]

21. Kress, J.P.; Hall, J.B. Sedation in the mechanically ventilated patient. Crit. Care Med. 2006, 34, 2541–2546. [CrossRef]
22. Shin, H.J.; Kim, E.Y.; Hwang, J.W.; Do, S.H.; Na, H.S. Comparison of upper airway patency in patients with mild obstructive sleep

apnea during dexmedetomidine or propofol sedation: A prospective, randomized, controlled trial. BMC Anesthesiol. 2018, 18, 120.
[CrossRef] [PubMed]

23. Höhener, D.; Blumenthal, S.; Borgeat, A. Sedation and regional anaesthesia in the adult patient. Br. J. Anaesth. 2008, 100, 8–16.
[CrossRef] [PubMed]

24. Shah, P.J.; Dubey, K.P.; Sahare, K.K.; Agrawal, A. Intravenous dexmedetomidine versus propofol for intraoperative moderate
sedation during spinal anesthesia: A comparative study. J. Anaesthesiol. Clin. Pharmacol. 2016, 32, 245–249. [CrossRef] [PubMed]

25. Lodenius, Å.; Maddison, K.J.; Lawther, B.K.; Scheinin, M.; Eriksson, L.I.; Eastwood, P.R.; Hillman, D.R.; Fagerlund, M.J.; Walsh,
J.H. Upper Airway Collapsibility during Dexmedetomidine and Propofol Sedation in Healthy Volunteers: A Nonblinded
Randomized Crossover Study. Anesthesiology 2019, 131, 962–973. [CrossRef] [PubMed]

26. Capasso, R.; Rosa, T.; Tsou, D.Y.-A.; Nekhendzy, V.; Drover, D.; Collins, J.; Zaghi, S.; Camacho, M. Variable Findings for Drug-
Induced Sleep Endoscopy in Obstructive Sleep Apnea with Propofol versus Dexmedetomidine. Otolaryngol. Head Neck Surg.
2016, 154, 765–770. [CrossRef]

27. Yoon, B.W.; Hong, J.M.; Hong, S.L.; Koo, S.K.; Roh, H.J.; Cho, K.S. A comparison of dexmedetomidine versus propofol during
drug-induced sleep endoscopy in sleep apnea patients. Laryngoscope 2016, 126, 763–767. [CrossRef]

28. Ma, X.X.; Fang, X.M.; Hou, T.N. Comparison of the effectiveness of dexmedetomidine versus propofol target-controlled infusion
for sedation during coblation-assisted upper airway procedure. Chin. Med. J. 2012, 125, 869–873.

29. Chen, Y.-T.; Sun, C.-K.; Wu, K.-Y.; Chang, Y.-J.; Chiang, M.-H.; Chen, I.-W.; Liao, S.-W.; Hung, K.-C. The Use of Propofol versus
Dexmedetomidine for Patients Receiving Drug-Induced Sleep Endoscopy: A Meta-Analysis of Randomized Controlled Trials.
J. Clin. Med. 2021, 10, 1585. [CrossRef]

30. Yun, M.; Kim, J.; Ryu, S.; Han, S.; Shin, Y. The correlation between the STOP-Bang score and oxygen saturation during spinal
anesthesia with dexmedetomidine sedation. Anesth. Pain Med. 2021, 16, 305–311. [CrossRef]

31. Weinbroum, A.A.; Szold, O.; Ogorek, D.; Flaishon, R. The midazolam-induced paradox phenomenon is reversible by flumazenil.
Epidemiology, patient characteristics and review of the literature. Eur. J. Anaesthesiol. 2001, 18, 789–797. [CrossRef]

32. Robin, C.; Trieger, N. Paradoxical reactions to benzodiazepines in intravenous sedation: A report of 2 cases and review of the
literature. Anesth. Prog. 2002, 49, 128–132. [PubMed]

33. Bloor, B.C.; Ward, D.S.; Belleville, J.P.; Maze, M. Effects of intravenous dexmedetomidine in humans. II. Hemodynamic changes.
Anesthesiology 1992, 77, 1134–1142. [CrossRef] [PubMed]

34. Riker, R.R.; Shehabi, Y.; Bokesch, P.M.; Ceraso, D.; Wisemandle, W.; Koura, F.; Whitten, P.; Margolis, B.D.; Byrne, D.W.; Ely,
E.W.; et al. Dexmedetomidine vs midazolam for sedation of critically ill patients: A randomized trial. JAMA 2009, 301, 489–499.
[CrossRef] [PubMed]

225





Citation: Motamed, C.; Plantevin, F.;

Mazoit, J.X.; Julieron, M.; Bourgain,

J.L.; Billard, V. Continuous

Ropivacaine Peroneal Nerve

Infiltration for Fibula Free Flap in

Cervicofacial Cancer Surgery: A

Randomized Controlled Study. J.

Clin. Med. 2022, 11, 6384. https://

doi.org/10.3390/jcm11216384

Academic Editor: Patrice Forget

Received: 13 September 2022

Accepted: 26 October 2022

Published: 28 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Continuous Ropivacaine Peroneal Nerve Infiltration for Fibula
Free Flap in Cervicofacial Cancer Surgery: A Randomized
Controlled Study

Cyrus Motamed 1,*, Frederic Plantevin 1, Jean Xavier Mazoit 2, Morbize Julieron 3, Jean Louis Bourgain 1

and Valerie Billard 1

1 Service d’Anesthésie, Gustave Roussy Cancer Center, 94800 Villejuif, France
2 Laboratoire d’anesthésie, Paris-Saclay University, INSERM U1195 Faculté de Médecine de Bicêtre 63 Rue

Gabriel Péri, 94270 Le Kremlin-Bicêtre, France
3 Service de Chirurgie Cervico Faciale, Gustave Roussy Cancer Center, 94800 Villejuif, France
* Correspondence: cyrus.MOTAMED@gustaveroussy.fr

Abstract: Introduction: Pain after cervicofacial cancer surgery with free flap reconstruction is both
underestimated and undertreated. There is a rational for regional anesthesia at the flap harvest site,
but few studies describe it. We assessed the influence of common peroneal nerve infiltration on
pain and opioid consumption in patients having oropharyngeal cancer surgery with fibular free flap
mandibular reconstruction. Methods: After institutional review board (IRB) approval and written
informed consent, fifty-six patients were randomly allocated to perineural catheter with ropivacaine
infiltration (ROPI) or systemic analgesia (CONTROL). In the ROPI group, an epidural catheter was
placed by the surgeon before closure, and ropivacaine 0.2% 15 mL, followed by 4 mL/h during
48 h, was administered. The primary outcomes were pain scores and morphine consumption during
the 48 h postoperative period. We also measured ropivacaine concentration at the end of infusion.
Finally, we retrospectively assessed long-term pain up to 10 years using electronic medical charts.
Results: Perineural infiltration of ropivacaine significantly reduced pain scores at the harvest site
only at day 1, and did not influence overall postoperative opioid consumption. Ropivacaine assay
showed a potentially toxic concentration in 50% of patients. Chronic pain was detected at the harvest
site in only one patient (ROPI group), and was located in the cervical area in the case of disease
progression. Discussion: Although the catheter was visually positioned by the surgeon, continuous
ropivacaine infiltration of the common peroneal nerve did not significantly reduce postoperative pain,
but induced a blood concentration close to the toxic threshold at day 2. Further studies considering
other infiltration locations or other dosing schemes should be tested in this context, both to improve
efficacy and reduce potential toxicity.

Keywords: postoperative pain; fibula free flap; ropivacaine infiltration; local anesthetic toxicity

1. Introduction

Controlling postoperative pain after major cancer surgery is a daily goal for anesthesia
teams and a major expectation for the patients.

Efficient postoperative analgesia is reported to positively affect not only the patient’s
comfort, but many outcomes including mortality, surgical outcomes, hospital stays and
costs [1]. It is also a key condition to prevent chronic pain.

Despite the combination of several classes of drugs, constant improved knowledge
over years and anticipation, pain is still insufficiently relieved, especially in major cervicofa-
cial cancer patients, both because it is underestimated by communication impairment after
tracheotomy and because the needs for analgesia differ enormously between patients [2,3].

Moreover, after oropharyngeal cancer surgery, reconstruction is often necessary, and
harvesting a disease-free bone or muscle flap might induce a second location of severe
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postoperative pain [4]. Traditional postoperative management of major cervicofacial
surgery with free flap reconstruction is a combination of systemic drugs including opioids,
non-steroidal anti-inflammatory drugs and other systemic analgesics such as nefopam
and paracetamol.

When the flap is taken from a limb such as the fibula flap, additional regional analgesia
can be proposed for the common peroneal nerve to provide a postoperative sensory block.
This is expected to decrease pain at the harvest site and improve rehabilitation, although
the benefit on opioid consumption is unpredictable, since regional analgesia on the limb
has no influence on the pain at the cervical site.

Few studies have looked at regional analgesia after free flap reconstructive cervicofa-
cial surgery. Zhang, using a double block bolus [5], and Ferri et al., giving repeated boluses
every 8 h through a perineural catheter [6], found a significant benefit on pain after fibula
free flap. Conversely, Roof et al. observed no benefit of a constant infusion (ropivacaine
0.2% 6 mL/h, but on a very small group of patients (n = 8) [7].

However, as the pain at the harvest site is expected to last several days [4], there is a
rational for continuous perineural infusion that should be further studied.

The purpose of this randomized controlled open study was first to describe the
influence of a continuous local anesthetic perineural infiltration at the harvest site (common
peroneal nerve) on early postoperative pain and opioid consumption after fibula free flap
for mandibular reconstruction.

Subsequently, we assessed the risk of systemic ropivacaine toxicity by collecting blood
samples for ropivacaine assay at the end of infusion on postoperative day 2, i.e., at the
supposed maximal value of blood concentration. Finally, we retrospectively assessed
possible long-term postoperative pain at the cervical and harvest site.

2. Methods

The protocol was approved by the ethical committee of Henri Mondor Hospital,
Créteil France (CPPRBP # 04-006), and by our local hospital institutional review board
(CSET # 03-1042) in April 2004. Patients scheduled for oropharyngeal cancer or post-cancer
(radionecrosis) surgery with fibula free flap reconstruction were eligible. Written informed
consent was obtained for each patient during anesthesia preoperative consultation.

Patients were then allocated by a computerized list of random numbers in a
1:1 ratio between ropivacaine regional analgesia of the harvest site associated with systemic
analgesia (ROPI group) and systemic analgesia alone (CONTROL group).

Premedication was at the discretion of anesthesiologists. The medical team was aware
of randomization, while the patients were not.

Anesthesia was started with remifentanil effect-site target-controlled infusion (Base
Primea TCI pump, Minto pharmacokinetic model), propofol and atracurium for tracheal in-
tubation, and maintained with remifentanil, inhalational anesthesia (desflurane or sevoflu-
rane in a mixture of O2/N2O 50% each) and bolus injections of atracurium if needed.

Before skin closure, an epidural catheter with end-tip holes only was placed in the
ROPI group next to the proximal end of the common peroneal nerve by the plastic surgeon
and was fixed by a suture in the skin. After skin closure, 15 mL of ropivacaine 0.2% was
injected through the catheter. No further control of the tip of the catheter was performed.
This was followed by continuous infusion of ropivacaine 0.2% 4 mL/h initiated in a post-
anesthesia care unit (PACU) and administered during 48 h (Ambi TTM PCA pump).

Multimodal postoperative analgesia with other intravenous analgesics (paracetamol,
tramadol, nefopam) and morphine 0.15–0.2 mg/kg was administered to all patients.

All patients had planned tracheotomy performed during surgery: postoperative pain
assessment took into account this communication difficult, which was explained to the
patients preoperatively (day-1).

In the PACU, intravenous (IV) morphine titration was started until visual analog
scale < 30/100, and continued with patient-controlled analgesia (PCA) of morphine (no
continuous infusion, bolus of 1 mg allowed every 5 min).
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The following parameters were recorded: demographic characteristics, duration of
anesthesia, remifentanil consumption, intraoperative morphine doses, PACU titration doses
and postoperative morphine consumption.

Pain was assessed regularly using a 100 mm visual analog scale (from 0 to 100) both at
the fibula site (harvest site) and cervical site.

One blood sample for ropivacaine assay was collected at postoperative hour 48 or at
the time of catheter removal (if removed earlier) in 16 of the patients who were allocated to
receive ropivacaine. Venous blood was sampled in heparinized tubes. The plasma separated
by centrifugation was stored at −18 ◦C until assayed. Ropivacaine was measured using
gas chromatography with a limit of quantification of less than 0.01 μg·mL−1. The intra-
and inter-day coefficients of variation were 6 and 8% at 0.2 μg·mL−1 [8].

For late postoperative assessment, which was not part of the initial study, a second
IRB approval was obtained to extract additional information on possible late postoperative
pain (harvest and cervical site) from the electronic chart of patients in September 2020.
Retrospective electronic medical chart review up to 10 years was performed. The presence
of pain at the cervical and harvesting site and requirement of analgesic treatment was
recorded 1, 3, 5 and 10 years after the reconstructive surgery.

3. Statistical Analysis

The sample size was chosen in order to decrease postop VAS at rest from 40 (usual
value) to 30 mm in the ROPI group with a common standard deviation of 13 mm, with
a bilateral risk error alpha = 0.05 and a power > 90%. For this purpose, 29 patients were
necessary in each group.

We checked the normality of distribution of variables using the Shapiro–Wilk test.
Continuous variables were compared with a Student’s t-test or a Mann–Whitney U test
and expressed as the mean ± standard deviation or median (interquartile range, IQR), as
appropriate. For categorical data, a chi-square test or Fisher’s exact test was used. p < 0.05
was considered as statistically significant. Statistical analysis was performed with Medcalc
v15.4 statistical software (Ostend, Belgium).

4. Results

The study was conducted from June 2004 to November 2007.
The flowchart is displayed in Figure 1. In each group, 29 patients were randomized.

Then, 2 were excluded in the ROPI group because surgery was aborted for surgical concerns.
Thus, 27 patients in the ROPI group and 29 patients in the CONTROL group were included
in this modified post-randomization intention-to-treat analysis.

No difference was noticed in demographic and intraoperative characteristics (Table 1)
except for remifentanil consumption, which was significantly higher in the ROPI group.

Postoperative pain score at the harvest site was significantly less at post-op day 1 (H
28, Figure 2) only.

No significant difference was observed between groups in pain score at the cervical
site (Figure 3).

Opioid consumption, which is a global consequence of pain at both sites, did not differ
significantly between groups (Figure 4).

No adverse events related to the postoperative analgesic catheter and no complications
at the harvest site were observed in any group.

Time to discharge from the hospital was not different between groups (Table 1).
The catheter was removed 48 after ropivacaine infusion initiation in 25 patients and

earlier in the remaining two. In these patients, removal occurred at 12 and 20 after infusion
initiation. Analgesic data were analyzed until the time of removal.
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Figure 1. Study flow chart.

Table 1. Demographic and perioperative data (M ± SD).

ROPI (n = 27) CONTROL (n= 29) p Value

Age (y) 53 ± 15 53 ± 15 NS

Weight (kg) 69 ± 16 64 ± 13 NS

Height (cm) 169 ± 7 169 ± 8 NS

Gender male/female (n) 21/6 19/10 NS

Preoperative analgesics (number
of patients)

Opioid
Non-opioid

6/27
3
3

8/29
8
0

NS

Remifentanil average rate
(μg·kg−1·min−1) 0.092 ± 0.033 0.074 ± 0.031 0.048 *

Duration of anesthesia (min) 557 ± 58 570 ± 58 NS

Morphine cumulative consumption
D0-D2 (mg) 51 ± 32 61 ± 38 NS

Length of stay (day) 22 ± 12 23 ± 10 NS
* p < 0.05.
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Figure 2. Pain scores at rest (VAS mm) at fibula harvest site. Mean and SD vs. postoperative time
(hours) starting in PACU. * p < 0.05.

Figure 3. Pain scores at the cervical site at rest; mean and SD vs. postoperative time (hours)
starting in PACU.

231



J. Clin. Med. 2022, 11, 6384

Figure 4. Cumulative morphine consumption (Mean and SD) until 48 h postoperative.

Ropivacaine blood concentration in 16 patients in the catheter group was 2.1 ± 1.1 μg/mL
with a minimum 0.36 of and maximum of 3.96 μg/mL (Figure 5). Although 8 patients (50%)
had a blood concentration above the threshold of 2.2 μg/mL, classically considered as high
risk for systemic toxicity [9], no symptoms were observed in any patient in the ROPI group.
Unbound ropivacaine concentration was not assayed. Postoperative protidemia (Day 1) was
49 ± 5 g/L, i.e., a mean loss of 20 g/L in comparison to preoperative values of (69 ± 5 g/L).

Figure 5. Individual values of ropivacaine blood concentration at the end of infusion.

All patients had at least 1-year follow-up and one third of them had retrospective
electronic assessment up to 10 years. In this long-term retrospective analysis, only one
patient, in the ROPI group had moderate chronic pain sequelae in the fibula harvest site,
which lasted up for 6 years. No other pain in the harvest site was reported.

Few patients developed chronic pain at the cervicofacial site due to initial surgery.
However, some of them declared new cervicofacial pain developed later in relation to
cancer evolution, new cervicofacial cancer or infection (Table 2).
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Table 2. Chronic pain patients requiring medication (number of patients/number of patients assessed).

Delay from Surgery ROPI (n = 27) CONTROL (n= 29) p Value

1 year 3/27 5/29 0.7

3 years 4/17 5/20 1

5 years 3/15 4/14 0.6

10 years 1/10 1/9 1

This long-term follow-up was not planned in the initial randomized study; therefore,
these data cannot be considered as the result of the initial study, but rather as retrospective
observational results with an important percentage of lost follow-ups.

5. Discussion

This study shows that a continuous infiltration of ropivacaine 0.2%, administered
next to the upper extremity of the common peroneal nerve for 48 h, only significantly
reduced pain scores at the harvest site of a fibular free flap at day 1, without significant
influence on pain scores at other time points, nor on cumulative morphine consumption.
Ropivacaine assay performed in 16 patients revealed a high concentration of local anesthetic
in 8 patients.

Among numerous free flap reconstructive options available after major cervicofacial
surgery, we focused on the fibula because it is considered as the most efficient flap regarding
aesthetic and functional rehabilitation (swallowing, eating and speaking) for mandibular
reconstruction. It is often proposed in cancer surgery, may gather an homogeneous popula-
tion and is eligible for limb regional analgesia. In addition, it is known for delayed healing
and chronic pain, estimated between 2% and 60% of the patients [10–12], which both may
be improved by optimal postoperative pain management.

Therefore, there was a strong rational for regional infiltration at the harvest site. It
should last at least for 24 h, but may not be necessary later than day 2, since pain markedly
decreased after 48 h [5,7].

Among the few studies available, a double block (femoral + common fibular nerve
with ropivacaine 0, 33%) decreased pain score until the 12th postoperative hour at rest
and the 8th hour in movement [5]. Repeated chirocaine boluses every 8 h decreased pain
score on average from 4 before reinjection to less than 1 after reinjection [6]. Conversely,
ropivacaine continuous infiltration through a catheter placed by the surgeon was unable
to significantly improve pain scores [7], even with a similar drug delivery protocol as in
our study [13].

Several explanations may be proposed to explain the discrepancy between these results
and ours.

First, infusing in front of the peroneal nerve may be too distal to cover the whole
surgical harvest zone. Combining a femoral block or placing the catheter more proximal
in the poplitea fossa in front of the sciatic nerve may improve the efficacy on postop
pain. Additionally, in our study, the catheter was placed by the surgeon resident and its
placement may have been imperfect. Preoperative block performed with ultrasound control
by the anesthesiologist may cover a wider zone and be more reproducible.

Moreover, placing a catheter for postoperative reinjections induces a risk of catheter
displacement after only a few hours, as observed by Marhofer [14], which may have
happened to some of our patients. This does not contraindicate placing a catheter; the more
distant from the surgical zone and articulation, the lesser would be the risk.

On the other hand, the doses given might have been inappropriate to achieve pain
relief. Firstly, an initial 15 mL bolus, which we used in this study, is reported to be the most
adapted dose before reaching a ceiling effect [13], while An infusion rate of 4 to 6 mL/h of
ropivacaine 0.2% is the classically recommended dose for perineural block of limb or chest,
and as a balance between underdosage and potentially toxic doses.
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However, in this special localization, a more important diffusion volume or systemic
absorption and increased local inflammation might explain the high blood
concentrations observed.

Ferri et al. gave boluses of 20 mL every 8 h [6]; by doing so, they may have achieved a
better local diffusion at higher injection pressure with less systemic resorption, as suspected
in a recent meta-analysis [15]. This issue should be studied for every location of perineural
block, since the balance between local efficacy and systemic absorption differs with the
diffusion space of each block and the inflammatory state around it.

Besides its disappointing efficacy, the ropivacaine infiltration, as administered in our
study, induced, at the end of infusion, venous blood concentration above the maximal
usually tolerated threshold of 2.2 μg/mL in 50% of patients [9]. In 2 of them, it induced
concentrations higher than 3.7 μg/mL, which have been described inducing seizures [16].

Another study infusing ropivacaine in the extra-pleural space after thoracotomy
observed lower concentrations than in our study, despite higher doses (6 or 9 mL/h) [17].
Fortunately, no sign of toxicity was observed in our study, similar to a previous work with
a similar range of concentrations [18].

Toxicity is correlated not to the total, but to the unbound fraction, which was not
recorded in our study. Hypoprotidemia due to preoperative denutrition or to intraoperative
hemodilution may worsen the risk. However, usually this hypoprotidemia involves mainly
albumin, whereas Ropivacaine binds mainly to alpha-1-acid glycoprotein (AAG), which
increases after trauma or inflammation [19], Consequently, the major inflammation state
observed in cervicofacial cancer surgery may have protected the patients from unbound
ropivacaine toxicity by decreasing the unbound fraction, especially after prolonged infusion,
as shown by Blumenthal [20].

In recent studies on cervicofacial surgery, pain is maximum in the first postoperative
hours or day, but 50% of patients already have no pain at discharge [2]. This result is
consistent with ours, with only one patient complaining of chronic pain at the harvest site,
which resolved after several years.

Finally, the influence on chronic pain did not appear as relevant as expected from
the literature [10,21]. Some reviews are based on old original papers where multimodal
analgesia including anti-NMDA agents such as N2O, nefopam or ketamine were not used,
whereas they were used in our study.

Our study had a few shortcomings; firstly the sample size has a statistical power
insufficient to detect differences in postoperative pain scores, morphine requirements or po-
tential chronic pain at the harvest site. Average values were similar to the assumption used
for the number of subjects calculation, but interindividual variability was underestimated.
In other words, some patients have very high levels of pain and analgesic requirements,
and risk factors for these outliers are not easy to establish [2].

This result supports the recommendation to regularly assess the pain scores of patients
after this surgery, and to adapt analgesia protocol to the individual needs of outliers [5].

The higher remifentanil rate of infusion may be due to stronger pain in the ROPI
group, which may have offset a potential benefit of regional anesthesia. However, it may
also be due to a random effect in this rather small groups of patients.

In this study, the epidural catheter placed by the surgeon near the proximal side of the
common peroneal nerve can partly be assimilated to wound infiltration, despite the fact
that the epidural catheter has holes only in its terminal end. Nevertheless, the complexity
of this type of surgery may yield heterogeneous pain results as in our study; we reference
regional techniques such as popliteal ultrasound guided block with intermittent reinjection,
which might be more effective and more reproducible [22].

Other shortcomings were that allocation to one or the other group was unblinded to
professionals, which could have yielded bias in harvest site pain-score assessment, but
not in morphine PCA consumption. Finally, long-term assessment was retrospectively
performed through electronic chart database consultation, which could provide some bias
or missing data.
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6. Conclusions

Ropivacaine continuous infiltration of 4 mL/h for 48 h in front of the common per-
oneal nerve cannot be recommended for analgesia after fibular free flap because of both
insufficient analgesic efficacy and high, potentially toxic, blood concentrations.

Future research and clinical practice should consider more proximal blocks and/or
different drugs delivery schemes including repeated boluses and continuous search of the
lower dilution efficient for each type of block, and drug assay on a few patients for every
new block or scheme tested.

A huge variability in pain and analgesic requirements between patients supports the
recommendation of repeated pain assessment and individualized analgesic drug adjust-
ments, especially in the first days after surgery.
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Abstract: Every year, 19.3 million patients worldwide are diagnosed with cancer. Surgical resection
represents a major therapeutical option and the vast majority of these patients receive anesthesia.
However, despite surgical resection, almost one third of these patients develop local recurrence or
distant metastases. Perioperative factors, such as surgical stress and anesthesia technique, have
been suggested to play a role to a greater or lesser extent in the development of recurrences, but
oncology encompasses a complicated tumor biology of which much is still unknown. The effect of
total intravenous anesthesia (TIVA) or volatile anesthesia (VA) on survival after oncological surgery
has become a popular topic in recent years. Multiple studies conclude in favor of propofol. Despite
the a priori probability that relevant differences in postoperative outcomes are due to the anesthe-
sia technique employed, TIVA or VA, is extremely small. The existing literature includes mainly
hypothesis-forming retrospective studies and small randomized trials with many methodological
limitations. To date, it is unlikely that use of TIVA or VA affect cancer-free survival days to a clinically
relevant extent. This review addresses all relevant studies in the field and provides a substantiated
different view on this deeply controversial research topic.

Keywords: sevoflurane; cancer-free survival; oncology; anesthesia; TIVA; volatile anesthetics

1. Introduction

Every year, 19.3 million patients worldwide are diagnosed with cancer [1]. Of these
patients, more than half undergo surgical resection. This makes surgical resection of the
primary tumor not only one of the most widely used treatments, but also one of the
most important therapeutic options for most patients with solid tumors. Of the patients
undergoing surgical resection, the vast majority receive anesthesia at least once [2]. Despite
resection, approximately one third of these patients develop local recurrence or metastasis.
Recurrent or metastatic disease has a dismal prognosis and is associated with the vast
majority of cancer-related deaths [3]. In addition to various cancer cell intrinsic properties,
environmental factors also play an important role in cancer initiation and progression.
Perioperative factors, including surgical stress, pain, and anxiety, as well as the anesthesia
technique used during surgery, was supposed to influence the course and progression
of cancer directly or indirectly through their impact on tumor-associated environmental
factors. In the following paragraphs, we discuss the perioperative vulnerability to the
development of tumor recurrences, the plausibility that anesthesia technique affects the
likelihood of the development of these recurrences, and the pathophysiology regarding the
hypothesized association between the use of some anesthetics and progression of cancer.
Finally, we present a summary of the most relevant literature on this issue.

2. Perioperative Factors

Several physiological responses occur in the body around surgery: inflammation,
increase in circulating catecholamines, immune suppression, and platelet activation. Peri-
operative triggers might provoke these reactions. One important trigger is stress due to
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tissue damage from surgical resection. In response to tissue damage, various physiological
responses—amongst others, wound healing—occur. This response bears great similarity
to pathological responses between tumor cells and the surrounding, nonmalignant cells
and non-cellular matrix [4]. Through the interaction of a wound-healing response, existing
interactions between cancer cells and their immediate environment can be influenced,
with potential consequences on the course (i.e., inhibition or stimulation) of the disease.
In addition, pro- and anti-inflammatory responses are induced in an attempt to prop-
erly and specifically harness the immune system response in the service of the host. For
example, in response to surgical trauma, secretion of various growth factors occurs periop-
eratively, including vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and epidermal growth factor (EDF) [5–7]. These growth factors stimulate
wound healing by activating cellular programs aimed at proliferation and migration of
epithelial and endothelial cells, thereby repopulating a tissue and restoring supportive
vascular supply. These programs are therefore essential for adequate wound healing. In
the context of cancer, however, these programs affect not only the perioperative emergent
wound bed, but also the local and systemic context of the tumor [8]. The intrinsically
beneficial physiological properties of wound healing are also hijacked by the tumor and
harnessed for the benefit of tumor progression. Protective responses can therefore lead to
an undesirable, tumor-stimulating effect. This dynamic between cancer cells and their envi-
ronment is described by the so-called seed-and-soil hypothesis. The hypothesis describes
the interaction of malignant cells with their specific context, which can be both stimulating
and inhibitory. The formation of metastases through the dissemination and colonization
of cancer cells in fertile soil is an important part of this hypothesis [9]. During surgery,
dissemination hypothetically occurs through the destruction of not only the tumor, but also
the supply and drainage vessels through which tumor cells may enter the circulation [10].
This hypothesis becomes less likely if one takes into account the tumor- doubling time:
the time it takes to double the number of tumor cells. When one calculates backwards,
in many cases the tumor/metastasis will have existed, undetected, before surgery. The
destruction of the vasculature does cause hypoperfusion, resulting in hypoxia and ischemia.
This stimulates the expression of hypoxia-induced factors (HIFs), which promote cancer
metabolism and tumor growth [11]. Entering the circulation, HIFs interacts with activated
platelets, neutrophils, and endothelial cells, as well as transient pro-angiogenic signals.
These signals are most likely induced by the surgical inflammatory response and would
potentially positively influence formation of metastases [12]. The seed-and-soil hypothesis
therefore illustrates the vulnerability to colonization in fertile soil arising from modulation
of the immune system and activation or inhibition of neural and/or pro-inflammatory
signaling pathways, which in turn prime both the local and systemic environment of the
tumor to create a favorable environment for a new metastatic niche [13–15]. However, the
influence of pro- and/or anti-inflammatory signaling pathways on cancer cell growth is
highly heterogeneous and varies by malignancy [14,15]. As a result of the systemic modu-
lation of the immune system, the risk of recurrent and/or metastatic disease is relatively
high. The wound-healing response and seed-and-soil hypothesis are important factors in
recurrences, but more deserves to be discussed.

Surgical stress from tissue trauma activates more than just a wound-healing response.
The stress response (and also anxiety, hypothermia, metabolic disturbances and fasting)
activates the sympathetic nervous system, also affecting tumor cells and the microenvi-
ronment with possible development of recurrences [16–18]. Activation yields increases
in circulating catecholamine levels, causing β-adrenoceptor activation. Specifically, the
signaling pathway in tumor cells via cyclic adenosine monophosphate (cAMP) is activated,
providing upregulation of transcription factors encoding VEGF, MMPs and HIFs, among
others [19].

Finally, tissue injury initiates the activation of platelets and tissue factors to promote
coagulation. Activation of the coagulation cascade is supposed to influence the formation
of metastases because, among other things, platelets contain many cellular growth factors
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(PDGF, VEGF) as well as matrix proteins and inflammatory mediators [20]. In short, many
triggers that activate physiological responses and potentially increase the risk of recurrence
exist perioperatively.

Based on previous theory, in 1980, a link between perioperative stress, anesthesia
and cancer progression was suggested [21]. In the following years, several retrospective
studies were conducted to investigate the association between the type of anesthesia during
oncological interventions and cancer-related survival after the surgical procedure. Several
retrospective studies suggested that inhalational anesthetics might increase the risk of
recurrence and thus negatively affect survival after surgery [22].

3. The Hypothesis

In 2016, Wigmore et al. were the first to publish a retrospective study comparing
the effect of total intravenous anesthesia (TIVA) versus inhalational anesthetics (IA) on
mortality after oncological surgery [22]. The study was conducted in England among more
than 7000 patients undergoing resection of the primary tumor. Patients exposed to IA
were found to be 1.5 times more likely to die compared with patients who received TIVA
(propofol). In the same year, Lee et al. reported that IA compared to TIVA resulted in a
significantly higher risk (p = 0.037) of developing a recurrence in 300 patients undergoing
radical mastectomy for breast cancer [23]. However, no difference was found in mortality.
The above studies led to more retrospective reviews, which were finally analyzed in a
meta-analysis. As with Wigmore, this meta-analysis showed a difference in mortality to
the detriment of IA (Sevoflurane) [24]. Based on the above results, two questions arise:
(1) To what extent is the association between the perioperative use of specific anesthetics
and the postoperative progression of disease postulated in these retrospective studies
biologically plausible? (2) To what extent is the effect reported in these retrospective studies
reproducible in methodologically well-conducted randomized trials?

As discussed earlier, tumor biology is highly complex and a subject with much to
explore, as well as discuss. Metastasis occurs when cells undergo somatic changes that
cause them to spread by infiltrating the lymphatic or vascular network, survive there, and
then have the ability to grow at distance [12]. In other words, cancer is complex, with the
ultimate course being the result of hundreds of interacting factors. On the other hand, TIVA
(e.g., propofol) and IA are agents that are largely similar pharmacodynamically. Both bind
to the GABAA receptor and both stimulate the release of neurotransmitters that inhibit
the conduction of action potentials in the central nervous system. Despite their similarity,
they have been reported to make a fundamental difference (hazard ratio of 1.46 (1.29 to
1.66)) in cancer survival when applied in an oncological context [22]. In addition, it is
important to realize that in the development of specific chemo- or immunotherapeutics,
an effective agent is said to be present if the therapy gives a 2% to 2.3% reduction in the
recurrence rate [25]. Given the hundreds of oncologic factors, the high similarity between
the two anesthetics, and the relatively short duration of exposure, a relationship between
the two does not seem, a priori, very plausible. Therefore, the a priori probability that the
above, short-term variations will have a substantial impact on the course of the disease in
an individual patient seems extremely small.

As far as the above is not convincing, it is further supported by a critical review of
the static basis of the reported studies. In 2005, Ioannidis published an article in which he
emphasizes the importance of a critical review of scientific research [26]. Ioannidis calls
attention to the importance of the p-value and points out that it is mostly overvalued in the
existing literature and the dependence of the a priori probability and the p-value receives
far too little attention. Ioannidis argues that a study design should take into account three
factors: (a) the power of a study; (b) the probability of bias; and (c) the prior probability
that a relationship found is real (a priori probability). From this, the positive predictive
value is then calculated. The article shows that for most studies, the probability that the
outcome matches reality is less than 0.5. Only a correctly conducted randomized controlled
trial (RCT) and a meta-analysis of correctly conducted RCTs have a positive predictive
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value of 0.85. For smaller, less transparent studies, the positive predictive value drops to
only 0.20. Furthermore, Ioannidis points out that replicates are essential in studies with an
a priori low prior probability.

4. Mechanisms of Anesthetic on Cancer

When pathophysiological knowledge substantiates an association found in a study,
the likelihood that the association actually exists is greater. The hypothesis underlying the
question whether TIVA or IA is superior in the oncologic patient is based on immunosup-
pressive properties of sevoflurane and protective properties of propofol. Results of studies
of these properties are highly variable and, therefore, not a solid basis for the hypothesis.

Although tumor growth, recurrence, and metastasis can be differently affected by
the immune status (pro- or anti-inflammatory) at different time points and in different
tumor types, the suggested protective properties of propofol could be explained by its
anti-inflammatory properties. These properties have been demonstrated in several areas
in both animal and in vitro studies. Propofol provides suppression of prostaglandin and
cytokine production [27], prevents immunosuppression [28], reduces migration of cancer
cells through MMP suppression, and provides increased activity of natural-killer (NK)
cells [29]. Furthermore, propofol has been shown to reduce both cancer cell motility and
the degree of invasiveness, and lastly gives reduction of HIF-1a [30].

In human studies, it has been shown that more activated T-helper cells circulated and
lower concentrations of VEGF-C, TGF-B and IL-6 were found—all markers associated with
the formation of angiogenesis and metastases.

IA were reported to have opposite effects which can be traced to known cytoprotective
properties in the heart, brain and kidney, as well as reduction in infarct size in models
for ischemia-reperfusion injury [31]. The cytoprotective properties are detrimental in
oncology, for example, an upregulation of HIF1-α has been demonstrated in vivo [32], also
reduced NK cell activity and increased migration of cancer cells [30,33]. In vitro studies
support this hypothesis. Thus, based on in vivo and in vitro studies, IA would promote
immunosuppression and stimulate a pro-malignant environment. However, contrary to
previous findings, sevoflurane has also been shown to reduce cell motility and invasion
by reducing MMP2 and MMP9. Given the heterogeneous nature of tumor biology, the
in vitro studies should be interpreted with caution. The studies are not directly equivalent
to the human cellular environment and therefore cannot be extrapolated one-to-one to
clinical outcomes.

5. Existing Literature

Interest in the influence of anesthesia technique on oncological outcome measures has
increased significantly in recent years. This is partly due to the previously mentioned study
by Wigmore et al. [22]. Based on these results, dozens of retrospective studies followed,
focused on basic pathophysiology, and producing heterogenous results. These results are
summarized in Table 1. In early 2021, a meta-analysis was published by Chang et al. with
19 studies comparing propofol with volatile anesthetics [24]. The primary outcome was
mortality and cancer-free survival in patients undergoing surgery for a malignancy. In
terms of overall mortality, a difference was found in favor of propofol. However, no such
difference was found in the duration of cancer-free survival. The main limitation of this
meta-analysis is that it involves only retrospective studies. At most, such studies generate
hypotheses, but do not confirm or reject them. For this reason, it is important to check
whether there are randomized studies that confirm the hypothesized effect.

Yan et al. published two randomized studies including 80 patients each with breast
cancer who underwent breast-conserving resection or radical mastectomy under propo-
fol/remifentanyl TIVA or IA with sevoflurane. The primary outcomes were the concentra-
tions of VEGF, TGF-B in serum, and the expression of myeloid-deriving suppressor [49,50].
As a secondary outcome, both studies looked at mortality and cancer-free survival after two
years of follow-up. Both studies showed no significant difference in cancer-free survival
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or mortality. However, since breast cancer has a relatively good two-year survival, these
results are difficult to interpret and a real effect can be neither demonstrated nor excluded
on the basis of these data. This problem is compounded by the relatively small groups
of patients in the two studies. Guerrero Orriach et al. published a randomized study
including 100 patients with infiltrating bladder carcinoma, comparing the effect of general
anesthesia in combination with locoregional analgesia or systemic opioids on cancer-related
survival after radical cystectomy [57]. A subgroup analysis to the effect of propofol versus
sevoflurane showed a difference in favor of propofol (p = 0.02).

Table 1. Studies investigating the effect of intravenous anesthetics versus inhalation anesthetics on
overall survival and cancer-free survival.

Author Overall Survival Recurrence-Free Days

Schmoch 2021 [34]  

Takeyama 2021 [35]
  

Koo 2020 [36]  
 

Lai 2020 [37]
  

Enlund 2020 [38]
 

 

Huang 2020 [39]
  

Dong 2020 [40]

Hong 2019 [41]  

Huang 2019 [42]  

Lai 2019 [43]
 

 

Sung 2021 [44]

Yoo 2019 [45]

Oh 2019 [46]  

Lai 2019 [47]
  

Sessler 2019 [48]
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Table 1. Cont.

Author Overall Survival Recurrence-Free Days

Yan 2018 [49]

Yan 2019 [50]

Zheng 2018 [51]
 

 

Wu 2018 [52]
 

 

Oh 2018 [53]

Kim 2017 [54]

Jun 2017 [55]
  

Wigmore 2016 [22]
 

 

Lee 2016 [23]
 

Enlund 2014 [56]
(Breast cancer)

 

Enlund 2014 [56]
(Colon cancer)

 

Enlund 2014 [56]
(Rectal cancer)

 

: no significant difference. : a significant difference in favor of intravenous anesthestics. : outcome
measurement not described.

Similarly, a second subgroup analysis of the effect of propofol combined with an
epidural versus sevoflurane combined with opioids showed a difference in favor of propofol
(p = 0.02). However, the study has several important limitations. First, only a limited
number of prognostic characteristics were included, which may unfairly consider both
patient groups as equal. A sample size calculation was missing, which makes it unclear on
which assumptions the number of included patients is based. It also remains unclear how
many patients were included in the subgroup analyses. Finally, as discussed earlier, the a
priori chance of a real difference in outcome between patients who underwent resection
under propofol or sevoflurane is very small. Although a significant difference in survival
between the two study groups was reported, given the very low prior probability, no
solid conclusion can be drawn from this finding. To reach a more reliable conclusion, the
dichotomous way of thinking should be converted to a more nuanced, continuous way of
thinking: how likely is the difference assumed in the hypothesis, what is the effect size,
and is the expected effect size clinically relevant? However, the a priori probability of an
anesthesia-related effect on survival after oncological surgery is extremely small, and if
present, may be very limited and clinically irrelevant.
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The latest and most important randomized study was carried out by Sessler et al. [48].
This study was the largest (2108 patients) multicenter (13 hospitals around the world)
trial employing high-quality methodology, including women with breast cancer. Patients
underwent mastectomy or wide local resection. Propofol and a paravertebral block (the
expected most tumor-suppressive anesthesia technique) was compared with sevoflurane
and the use of opioids (the expected most tumor-promoting anesthesia technique) with the
outcome being cancer-recurrence-free days. The follow-up was five to six years.

The main result was that no difference was found between the two groups (p = 0.84).
Strictly speaking, the calculated sample size was too small for the observed event rate
(number of tumor recurrences). Moreover, the trial ended early as the number of inclusions
was not achieved and the futility calculation clearly showed that no difference was to be
expected even with further inclusions. It remains for the reader to judge whether one
considers a difference clinically relevant if one could not have found it in 2100 patients and
not even a signal towards benefit for propofol and regional anesthesia was found.

There are currently several large randomized studies (CAN-, GA-CARES-, VAPOR-C
TRIALS etc.) in extensive abdominal surgery comparing propofol with sevoflurane. These
studies will have to show that even in operations with more surgical stress, more pain, and
more opioid need, no significant difference is going to be found.

A limitation of our paper is that it is not a systematic review and we were not able
to statistically pool the results into a meta-analysis. We deliberately chose not to write a
systematic review, because we want to show precisely how heterogeneous the outcomes
are in the research field and how important it is not only to look at the numerical outcomes
of the applied statistics, but precisely also to consider the a priori probability and thus the
applied statistics (the alpha and beta error margins chosen among others).

A second limitation is that our search strategy was not classically designed as might
be expected of a systematic review. It was not searched by two independent researchers
from the start, but only after an initial screening. However, we believe that the chance
of missed studies is small because two authors did review the references of the initially
included studies.

6. Conclusions

Oncology consists of a complex tumor biology of which much is not yet known and
not fully understood. In addition to tumor-specific factors, multiple perioperative factors
play a role, such as inflammation, pain, stress, and surgical trauma. A popular topic of
research came from the question as to whether TIVA or IA is superior in the oncologic
patient. The hypothesis is based on immunosuppressive properties of sevoflurane and
protective properties of propofol. Important to realize is that the a priori probability that
two anesthetics (propofol and inhalational anesthetics) will provide a relevant difference in
oncological outcomes is extremely small and that in the context of extraordinary claims
requiring extraordinary data, compelling evidence must be put forward to convince the
reader that one of the anesthetics can make a significant difference on tumor biology.
Therefore, judging the influence of anesthetics on tumor biology is challenging. The
existing literature mainly includes many hypothesis-forming retrospective studies; small
suboptimal reported randomized trials with many methodological limitations in which the
difference found is very unlikely to be existent or clinically relevant. The study by Sessler
et al. is leading to date and concludes that no difference is found in the use of propofol or
sevoflurane with the outcome measure being cancer-free survival days.
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Abbreviations

cAMP cyclic Adenosine Monophosphate
EDF Epidermal Growth Factor
HIF Hypoxic Induced Factors
MMPs Matrix Metalloproteinases
NK cells Naturel Killer cells
PDGF Platelet-derived Growth Factor
RCT Randomized Controlled Trial
TGF Transforming Growth Factor
TIVA Total Intravenous Anesthesia
VEGF Vascular Endothelial Growth Factor
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Abstract: Surgery is indicated in about 50% of infective endocarditis patients, and bleeding or
the transfusion of blood a common finding. The intraoperative use of cell salvage may reduce
the perioperative transfusion requirement, but its use is limited in the underlying disease. In this
retrospective study, we therefore evaluated n = 335 patients fulfilling the modified Duke criteria for
infective endocarditis characterized by the use of intraoperative cell salvage with autologous blood
retransfusion. Inflammation markers and organ dysfunction, including catecholamine dependency,
were evaluated by using linear regression analysis. Between 2015 and 2020, 335 patients underwent
surgery for left-sided heart valve endocarditis. Intraoperative cell salvage was used in 40.3% of the
cases, especially in complex scenarios and reoperation. Intraoperative cell salvage significantly altered
the white blood cell count after surgery. On average, leucocytes were 3.0 Gpt/L higher in patients
with intraoperative cell salvage compared to patients without after adjustment for confounders
(95% CI: 0.39–5.54). Although the difference in WBC was statistically significant, i.e., higher in
the ICS group compared to the no-ICS group, this difference may be clinically unimportant. Organ
dysfunction, including hemodynamic instability and lactate values, were comparable between groups.
In conclusion, intraoperative cell salvage enhanced the re-transfusion of autologous blood, with
minor effects on the postoperative course of inflammatory markers, but was not associated with
increased hemodynamic instability or organ dysfunction in general. The restriction of intraoperative
cell salvage in surgery for infective endocarditis should be re-evaluated, and more prospective data
in this topic are needed.

Keywords: infective endocarditis; organ failure; cell salvage; blood transfusion

1. Introduction

The use of intraoperative cell salvage (ICS) was shown to reduce perioperative trans-
fusion requirements in multiple clinical scenarios [1]. Cardiac surgical procedures account
for a significant amount of allogeneic blood transfusion, and, accordingly, ICS was shown
to reduce the transfusion rates of red blood cells without an adverse impact on clinical
outcomes [2,3]. Therefore, ICS is an integral part of the patient blood management con-
cept in cardiac surgery [4–6]. However, the use of ICS is not recommended in patients
suffering from systemic infection or in circumstances where a wound blood might be
contaminated [7].
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Infective endocarditis (IE) represents a life threatening disease with in-hospital mortal-
ity rates of approximately 40% [8]. Cardiac surgery is necessary in almost half of patients
with IE [9] and is frequently more complicated than cardiac surgery for non-endocarditis
valve pathologies [10]. For patients undergoing surgery for IE, the most common reasons for
the complexity of surgery are previous cardiac surgery, in 48% [11], multiple valve surgery,
in 38%, and the presence of a cardiac abscess, in 27%. In addition to endocarditis-related
coagulopathy, the complexity of IE surgery may lead to increased perioperative bleeding
and consequently higher requirements for transfusion of blood products, especially in
patients with prosthetic valve IE [12].

It is therefore reasonable to include ICS in the concept of cardiac surgery for IE,
especially in the case of reoperation or prosthetic valve surgery. On the other hand, the
perioperative course of IE patients is often accompanied by sepsis or septic shock, leading
to multiorgan failure with high mortality rates [13]. In these circumstances, the use of ICS
is restricted by guidelines for transfusion [14], although the data supporting these findings
are limited.

The debate about using or not using ICS in complex IE surgery is a daily praxis in
cardiac surgery centers. This study aims to elucidate the current practice of ICS use in our
center and to present data on ICS use among IE patients with a focus on inflammatory
parameters and organ failure in the early postoperative period.

2. Materials and Methods

2.1. Patient Recruitment and Study Design

The study was approved by the ethical committee of Friedrich-Schiller University Jena,
Germany (registration number: 2021-2502-Daten, Chairperson: Prof. E. Schleussner) on
4 January 2022. Informed consent was waived because of the anonymous and observational
character of the study. All charts from patients operated for left-sided infective endocarditis
between 2015 and 2020 at our center were reviewed. Patients were divided into two groups
according to the intraoperative usage of cell salvage.

Within the study period, n = 335 patients underwent cardiac surgery for left-sided
endocarditis and were eligible for evaluation.

2.2. Inclusion Criteria

Only patients fulfilling the modified Duke criteria for the definition of infective en-
docarditis were included in our evaluation [15]. Patients with possible IE prior to surgery
were not included in the analysis.

2.3. Intraoperative Cell Salvage Use

ICS usually consists of three components: (1) the collection of tissue blood into a col-
lection reservoir. In this step, tissue blood is usually mixed with heparinized saline to avoid
clotting, and tissue debris is removed through a filter membrane. (2) The separation and
washing of eryhtrocytes in a centrifugation process with normal saline solution. In this step,
the effluent containing plasma fractions, platelets, WBC, free hemoglobin and anticoagulats
(i.e., heparin) is separated and discarded. (3) The collection of the washed erythrocyte
solution for re-transfusion. A hematocrite of >50% and protein reduction of >90% represent
the quality standard of ICS blood and is recommended. However, washed ICS blood may
not be immunologically inert, and contamination with gram-positive bacterial commensals
of the skin were described without adverse events in the affected patients. Therefore, recent
guidelines do not recommend ICS in the cases of infection or tissue contamination.

In the current setting, ICS was implemented on the discretion of the cardiac surgeon
and the anesthesiologist in charge following the flowchart depicted in Figure 1. ICS was per-
formed with the intraoperative autotransfusion system XTRA (LivaNova GmbH, Munich,
Germany). The system was built up and used according to the manufacturer’s instruc-
tions. To avoid clotting, the collection system was primed with normal saline solution and
an additional supplementation of 25,000 IE of heparin per liter NaCl, as recommended.
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Figure 1. Flowchart highlighting the decision pathway for ICS use and transfusion during IE surgery.
IE: infective endocarditis; ICS: intraoperative cell salvage; CPB: cardiopulmonary bypass; RBC: red
blood cells; FFP: fresh frozen plasma.

ICS was begun after sternotomy during the preparation process and the prior im-
plementation of the cardiopulmonary bypass circuit. After CPB initiation, tissue blood
was preferentially suctioned into the CPB reservoir. Once the infected tissue areas were
prepared, blood and tissue debris were discarded via an external suction unit to avoid
the re-transfusion of potentially affected and contaminated material. Blood collection via
ICS was restarted after CPB separation to minimize blood loss during the restoration of
coagulation and chest closure. After weaning from the CPB, residual circuit blood was
preferentially processed within the ICS procedure to remove residual heparin and to concen-
trate hemoglobin content of the machine blood. The ICS-processed blood was administered
before transferring the patient to the ICU. Additional blood products or coagulation factors
were transfused as needed. The ICS procedure is also depicted in the flowchart of Figure 1.

2.4. Biochemical and Laboratory Markers

Data were obtained from electronic patient charts (COPRA, version 6.78.2.0 and
5.24.974; COPRA System GmbH, Sasbachwalden, Germany) and the clinical database (SAP,
version 7300.1.3.1079, Walldorf, Germany). Biochemical values were taken prior to surgery,
immediately after surgery and on the first three postoperative days. To describe the use of
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vasoactive and inotropic agents, the vasoactive-inotropy score (VIS) [16] was calculated as
recommended. Organ dysfunction was defined by calculating the Sequential Organ Failure
Assessment [17].

2.5. Statistical Analysis

Whereas continuous data are presented in median [25th–75th percentile] values, cate-
gorical data are displayed as number and percentage. Continuous patient characteristics
were compared by two-sided non-parametric Mann–Whitney U test, and categorical data
were compared by two-sided chi-square test. Independent risk factors associated with
the referring laboratory and clinical markers were evaluated by applying binary logistic
regression analysis. Regression coefficients with 95% confidence intervals as well as partial
eta squared were reported to assess the effect of the risk factors. p values < 0.05 were
considered to be statistically significant, all analyses were exploratory and no correction for
multiple testing was performed. Statistical analyses were performed using IBM SPSS Statis-
tics, Version 26.0 (IBM Corporation, Armonk, NY, USA), and the graphics were designed
with SigmaPlot, Version 14.5 (Systat software, Erkrath, Germany).

3. Results

3.1. Patient Characteristics

In the period between January 2015 and December 2020, we identified n = 335 patients
who underwent surgery for left-sided IE at our institution. Patients had a median age of
67 [58.0–75.0] years and the majority were male (76%). The median EuroSCORE II prior
to surgery was 6.3 [3.45–10.63]. The median duration of surgery was 200 [154.0–269.0]
min, with an intraoperative time on cardiopulmonary bypass of 113 [83.0–156.0] min and
a cross clamping time of 70 [59.0–98.0] min. The most common surgical procedures were
complex procedures (including multiple valve procedures with or without the resection of
an abscess or aortic root) (46.9% of cases), followed by single aortic valve replacement via
sternotomy (30.4%), single mitral valve replacement/reconstruction (13.7%) or minimal
invasive mitral valve surgery (9%). The rate of reoperation for prosthetic IE was 29.6%.
Intraoperative cell salvage was used in n = 135 (40.3%) of the cases. ICS was more common
in complex surgical cases as well as reoperations. Duration of surgery, time on CPB as well
as cross clamping time were longer in patients with ICS compared to the no-ICS patients.

All patient characteristics are listed in Table 1.

Table 1. Patient characteristics of the total cohort as well as separate values for intraoperative cell
salvage (ICS) and no intraoperative cell salvage (no-ICS) use.

Total ICS No-ICS p-Value

n = 335 n = 135 n = 200
Age [years] 67 [58.0–75.0] 67 [58.0–75.0] 66.5 [58.0–75.0] 0.741

Male gender, n (%) 254 (75.8) 105 (77.8) 149 (74.5) 0.492
EUROSCORE II (%) 6.3 [3.45–10.63] 7.7 [5.34–10.99] 4.7 [2.80–9.04] 0.001
Intraoperative data

Duration of surgery (min) 200 [154.0–269.0] 255 [211.0–341.0] 172 [138.0.–213.0] 0.001
Time on CPB (min) 113 [83.0–156.0] 141 [108.0–189.0] 96.5 [74.0–131.0] 0.001

Cross clamping time (min) 70 [50.0.–98.0] 88 [62.0–126.0] 61 [47.3–82.8] 0.01
Surgical procedure, n (%)

Complex procedures 157 (46.9) 86 (63.7) 71 (35.5) 0.001
Single aortic, sternotomy 102 (30.4) 35 (25.9) 67 (33.5)
Single mitral, sternotomy 46 (13.7) 10 (7.4) 36 (18.0)

Mitral valve, minimal invasive 30 (9.0) 4 (3.0) 30 (9.0)
Reoperation, n (%)

yes 99 (29.6) 60 (44.4) 39 (19.5) 0.001
no 236 (70.4) 75 (55.6) 161 (80.5)
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3.2. Course of Inflammatory Markers

Median values of C-reactive protein (CRP) were preoperatively elevated in both patient
groups and further increased in the postoperative phase, with peak values on postoperative
day two (POD2). In contrast, white blood cell counts (WBCs) were in the normal range prior
to surgery and increased in the postoperative phase. Peak values appeared immediately
after surgery and declined within the next three days, with values staying above the normal
upper value. Linear regression analysis revealed no significant differences in terms of CRP
prior to or after surgery between ICS and no-ICS patients. However, the WBC values were
significantly higher immediately after surgery in ICS patients compared to no-ICS patients
(p = 0.024). On average, the WBC values of ICS patients were 3.0 Gpt/l higher compared
to no-ICS patients after adjustment for confounders (95% CI: 0.39–5.54). Furthermore,
reoperation, former values of inflammation and lactate values, as well as markers of organ
dysfunction, were also independent factors associated with differences in terms of CRP
and WBC values in the perioperative phase. For details, see Figure 2 and Tables S1 and S2
of the Supplementary Materials.

 

Figure 2. Course of inflammatory markers C-reactive protein and white blood cell count between
intraoperative cell salvage (ICS) and no-ICS patients. Circles and squares represent median values,
and lines mark 25th and 75th percentiles. * indicates significant difference between the groups
resulting from linear regression analysis.
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3.3. Course of Hemodynamic Parameters

Median values in terms of the vasoactive inotropy score (VIS) peaked intraoperatively
and continuously declined within the first three days after surgery. Linear regression
analysis found no significant differences between both patient groups. However, the
intraoperative lactate level, perioperative renal dysfunction (defined by elevated creatinine)
and the grade of inflammation (defined as elevated CRP values) were factors associated
with hemodynamic instability. In detail, VIS in patients with elevated preoperative lactate
levels were on average 19.7 points higher compared to patients with low preoperative
lactate values after adjustment for confounders (95% CI: 8.3–31.2, p = 0.001). Intraoperative
VIS in patients with preoperative high creatinine levels were on average 0.3 points higher
compared to patients without elevated creatinine levels after adjustment for confounders
(95% CI: 0.15–0.45, p = 0.001). Finally, intraoperative VIS in patients with elevated CRP
values were on average 0.3 points higher compared to patients with lower CRP values after
adjustment for confounders (95% CI: 0.08–0.44, p = 0.005). Median lactate values peaked
immediately after surgery and declined over the following postoperative days. Again,
ICS was not associated with increased perioperative lactate values, but linear regression
analysis revealed the perioperative use of catecholamines, the duration of the CPB and
cross clamping time and former lactate values as factors associated with the course of
lactate in the referring patient cohort (Figure 3 and Tables S1 and S2 of the Supplement).

 
Figure 3. Course of vasoactive inotropy score and lactate levels as surrogate for hemodynamic
instability between intraoperative cell salvage (ICS) and no-ICS patients. Circles and squares represent
median values, and lines mark 25th and 75th percentiles.
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3.4. Perioperative Organ Dysfunction

To describe the course of organ dysfunction, the SOFA score was calculated daily. The
median preoperative SOFA was 4 [4.0–6.0], with peak values on the day of surgery. There
were no significant differences in terms of the referring SOFA scores. The factors associated
with organ dysfunction were the grade of inflammation (postoperative SOFA with elevated
WBCs were on average 0.1 point higher (95% CI: 0.02–0.145, p = 0.010) after adjustment for
confounders), the patient’s age (postoperative SOFA increased on average by 0.05 point
with every year of age (95% CI: 0.01–0.08, p = 0.013) after adjustment for confounders) and
preexisting organ failure (postoperative SOFA increased on average by 1 point with every
point increase in preexisting SOFA score (95% CI: 0.05–1.14, p = 0.001) after adjustment
for confounders). A separate evaluation of the underlying laboratory markers predicting
organ function showed values above the upper normal range for creatinine and bilirubin as
well as values on the lower limit of normal for platelets on POD1 without any differences
between ICS and no-ICS patients (see Figure 4 and Tables S1 and S2 of the Supplement).

Figure 4. Course of sequential organ failure assessment (SOFA) between intraoperative cell salvage
(ICS) and no-ICS patients. Circles and squares represent median values, and lines mark 25th and
75th percentiles.

3.5. Intraoperative Transfusion Requirement

Patients in the ICS group were more likely to receive the transfusion of red cells
and coagulation products while undergoing surgery. In detail, patients in the ICS group
received more packed red blood cells (3 [2.0–5.0] vs. 2 [0.0–3.0], p = 0.001), fresh frozen
plasma (0 [0.0–600.0] vs. 0 [0.0–0.0] mL, p = 0.001), coagulation factors II, V, VII, and
X (2000 [0.0–3000.0] vs. 0 [0.0–2000.0], p = 0.001) IU, fibrinogen (2 [2.0–4.0] vs. 0 [0.0–2.0] g,
p = 0.001) and platelets (1 [0.0–2.0] vs. 0 [0.0–0.0] units, p = 0.001) compared to pa-
tients in the no-ICS group. Moreover, patients in the ICS group additionally received
in median 700 [415.5–1000.0] mL of washed cell salvage blood. Median hemoglobin levels
were comparable in the perioperative phase in both patient groups.

3.6. Patient Outcome Data

Patients stayed in hospital for a median 14 [8.0–22.0] days, and a median of 6 [3.0–13.9] days
on ICU after surgery. The postoperative ventilation time was a median of 14 [6.1–68.4] h
after surgery. The days on hemodialysis or circulatory support after surgery were a median
of 0 [0.0–2.0] days or 0 [0.0–0.0] days, respectively. The hospital survival rate was 69.6% in
the total patient cohort (see Table 2).
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Table 2. Patient outcome data of the total cohort as well as separate values for intraoperative cell
salvage (ICS) and no intraoperative cell savage (no-ICS). ICU: intensive care unit.

Postoperative Outcomes Total ICS No-ICS p-Value

Days in hospital 14 [8.0–22.0] 15 [7.0–23.3] 13 [8.0–21.5] 0.712
Days on ICU 6 [3.0–13.0] 7 [3.0 -14.0] 6 [3.0–13.0] 0.350

Duration of ventilation (h) 14 [6.1–68.4] 20 [7.6–109.6] 12 [5.4–54.7] 0.009
Days on hemodialysis 0 [0.0–2.0] 0 [0.0–3.0] 0 [0.0–2.0] 0.08
Days on mechanical
circulatory support 0 [0.0–0.0] 0 [0.0–0.0] 0 [0.0–0.0] 0.162

Hospital survival, n (%) 233 (69.6) 86 (63.7) 147 (73.5) 0.177

4. Discussion

The aim of this retrospective study was to evaluate the course of parameters associated
with the intraoperative use of cell salvage in patients undergoing surgery for infective
endocarditis. The results of the study can be summarized as follows:

1. ICS was frequently used in surgery for IE, especially in complex surgical cases
and reoperation.

2. ICS did not increase inflammation, except for WBCs immediately after surgery. However,
the difference in terms of WBC was statistically significantly higher in the ICS group
compared to the no-ICS group, and this difference may be clinically unimportant.

3. ICS did not alter the course of hemodynamic instability, defined by catecholamine
dosage and lactate values.

4. Patients with IE usually present with varying degrees of organ dysfunction in the periop-
erative period. ICS did not alter SOFA-related organ dysfunction (i.e., renal–creatinine,
liver–bilirubin or coagulation–platelets).

5. Surgery for IE was associated with a high probability of a transfusion requirement.
Due to more complex cases and the resulting surgical approaches, patients in the ICS
group were more likely to be transfused with RBC or coagulation products. The use
of ICS led to a significant amount of washed tissue blood for re-transfusion.

ICS was designed to collect tissue blood during surgery associated with moderate to
high blood loss. During the washing process, tissue debris and other agents are removed,
while patient’s erythrocytes are collected for re-transfusion [18]. Recent meta-analyses
describe a reduction in the transfusion probability of 39% by using ICS, especially during
orthopedic and cardiac surgery [19,20]. Therefore, ICS is an integral part of the patient
blood management concept [4]. Although there is no absolute contraindication, the use of
ICS in infected and contaminated fields remain controversial. Therefore, recent guidelines
recommend the application of ICS in these circumstances on a case-to-case basis and to
consider its use with caution [21]. However, data regarding the benefits or disadvantages
are scarce [22] and are to the best of our knowledge non-existent for IE patients.

In theory, ICS may transfer infective agents and toxins from the surgical field into
the patient’s circulation with the aggravation of the inflammatory response and sepsis
symptoms. In this context, Bland and colleagues determined the bacterial and endotoxin
contamination rate of blood collected during elective cardiac surgery. Blood collected
in the cell salvage system was culture positive in 96.8% of the samples and 24% had
detectable endotoxin levels. Most of the collected blood contained gram-positive bacterial
commensals of the skin. However, none of the patients presented with adverse events
after surgery [23]. In another study, Luque-Oliveros was able to detect bacterial species in
85% of the red blood cell reinfusion bag of the cell salvage system, with staphylococcus
epidermidis (69%) being the most frequent microorganism. Staphylococcus epidermidis
was most likely found in patients with a high body mass index and valve surgery [24]. In
neither of these studies were adverse events recorded in the patient’s clinical course or
outcome. Cardiac surgery with the subsequent use of cardiopulmonary bypass and suction
and the retransfusion of cardiotomy suction blood significantly elevates profinflammatory
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cytokines in the postoperative phase. Avoiding the retransfusion of cardiotomy suction
blood reduces the postoperative inflammatory release of TNF-alpha, IL-6 and complement
factor 3a [25]. In this respect, ICS was shown to reduce proinflammatory mediators, such
as cytokines or complement system components, in comparison to direct cardiotomy
suction [3]. Damgaard and colleagues showed reduced plasma IL-6 and IL-8 levels after
ICS use in the immediate postoperative phase in elective CABG patients. Moreover,
tumor necrosis factor receptor, IL-10 and procalcitonin levels were significantly reduced in
ICS blood [26]. Furthermore, even in off-pump coronary artery bypass grafting surgery,
proinflammatory cytokines were elevated in the postoperative phase and ICS was able to
remove cytokines effectively [27]. Taken together, cardiotomy suction blood and processed
ICS blood is frequently contaminated by bacterial commensals. Moreover, the surgical
procedure itself and the use of CPB circuits enhances the inflammatory response, leading
to elevated levels of cytokines and complement factors in the postoperative phase. ICS
is able to reduce the levels of cytokines from cardiotomy suction blood. In a previous
study, we demonstrated enhanced proinflammatory markers in IE patients compared to
non-IE patients immediately after CPB and within 6h of surgery [28]. Moreover, Träger
and colleagues described peak values in terms of IL-6 and IL-8 levels in IE patients during
and immediately after surgery [29]. However, data on the inflammatory profile or bacterial
contamination of ICS-processed blood in IE patients are missing.

Hemodynamic instability, defined by elevated lactate levels and catecholamine sup-
port, is common during the perioperative phase in patients with IE [29–31]. Lactate levels
and catecholamine support in our patient cohort peaked in the early postoperative phase
and continuously declined in the days after surgery. These data are in line with previous
reports [29,31]. Belletti and colleagues defined factors associated with high-dose inotropic
support using vasoactive-inotropic scores of >10. In that case, the duration of surgery,
a male gender, the preoperative impairment of kidney function, the worsening of heart
failure and the preoperative platelet count presented factors associated with postoperative
high-dose inotropic support. Similar data were found in our patient cohort. Here, former
levels of lactate and catecholamine support as well as creatinine, bilirubin and CRP levels
and the duration of CPB were associated with the course of lactate and catecholamine
support. However, ICS was not an independent factor of hemodynamic instability in
our patients. Moreover, data supporting hemodynamic alterations of ICS in IE or general
surgical patients are missing.

IE is often accompanied by major perioperative complications. Recent data suggest
the rate of major complications in IE patients is 38%, with cardiovascular and neurological
events as well as renal dysfunction being the most prominent affected organ systems [32].
Moreover, liver dysfunction may play a pivotal role in patients with IE and worsen out-
comes [13]. In intensive care patients, the SOFA score was established to describe the
degree of organ dysfunction [17]. This score is also frequently used in IE patients and was
shown to predict mortality in these patients [33,34]. SOFA scores in our patient cohort
peaked on POD1 and declined thereafter. The factors associated with higher SOFA scores
were age, the type of surgery, the grade of inflammation (defined by CRP and WBC values),
hemodynamic instability (defined by the course of lactate and inotropic support) as well as
former course of SOFA values. These data are in line with previous reports that addressed
age, surgery, CRP levels and diabetes mellitus as independent factors associated with SOFA
scores and mortality in IE patients [33–35].

A considerable number of patients undergoing surgery for IE require the transfusion
of red packed blood, coagulation products or platelets during the perioperative phase. The
probability as well as the amount of the given products increases with the type of surgery
and especially in cases of prosthetic valve endocarditis [12]. Patients in the current cohort
also received more allogeneic blood transfusions and coagulation products in the context of
reoperation. Moreover, ICS was more common in reoperations and complex cases, rather
than single valve replacement. With a focus on coagulation, ICS was shown to significantly
reduce coagulation factors [36]. Moreover, thrombelastometry fibrinogen levels, measured
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in FIBTEM-MCF, significantly decreased in the salvaged blood. The authors concluded
that amounts of >18.5% of salvaged blood may impair the coagulation function, especially
in patients with lower FIBTEM-MCF before and after cardiac surgery [37]. However, the
CPB itself alters the coagulation function and hence reduces certain coagulation factors [38].
In this respect, ICS of the residual CPB blood may reduce the incidence of postoperative
blood loss and subsequently the application of coagulation products (i.e., fresh frozen
plasma) [39]. Furthermore, a considerable number of patients require emergency surgery
while being on anticoagulants prior to surgery. Coagulation disturbances in these circum-
stances are common and need to be managed intraoperatively [40]. On the other hand,
IE itself deeply interacts with the coagulation system by increasing systemic coagulation
activation, enhancing platelet activity and impairing fibrinolysis [41]. The role of ICS in
these circumstances is therefore complex and needs to be characterized in further studies.

To recap, the use of ICS during IE surgery may have advantages as well as disadvan-
tages. Crucial aspects that might be considered prior to ICS use during IE surgery are
therefore listed in Table 3.

Table 3. Probable advantages or disadvantages of intraoperative cell salvage (ICS) during infective
endocarditis (IE) surgery. RBC: red blood cells; CPB: cardiopulmonary bypass.

Advantages of ICS in IE Surgery Disadvantages of ICS in IE Surgery

Reduction in allogeneic RBC transfusion Enhanced inflammatory reaction by
retransfusion of cytokines

Reduction in cristalloid or colloidal
fluid administration

Possible retransfusion of bacteria or bacterial
commensals from infected tissue

Reduction in postoperative bleeding tendency
by eliminating heparin from CPB blood

Reduction in blood coagulation factors during
washing process

Reduction in inflammatory reaction by
reducing cytokines from ICS blood

Reduction in immunologic response against
allogeneic blood transfusion

The current study has several limitations. First, we present a monocentric retrospective
evaluation with all its benefits and limitations. Second, ICS was more common in sicker
patients with a higher EUROSCORE II prior to surgery, with prosthetic valve IE and
reoperation. As these patients usually present with a higher probability of transfusion and
coagulation disturbances, and therefore our results may be biased. However, as ICS was
more common in these patients, a bias towards the positive effects of ICS is unlikely. Third,
due to the retrospective design, we were not able to present data for cytokines or other
inflammatory markers related to ICS usage in our patients. Moreover, data on the course of
coagulation factors are missing. Therefore, our results should be interpreted with caution
and in terms of considerations. However, as we present a large cohort of IE patients with
and without ICS use, our data hint towards reliable results with respect to our hypothesis.

5. Conclusions

Our results showed that the transfusion of RBC and coagulation factors after surgery
for IE was common. The use of ICS enhanced the retransfusion of autologous blood with
minor effects on the postoperative course of inflammatory markers. The use of ICS was not
associated with increased hemodynamic instability or a worsening of the degree of organ
dysfunction, as measured by a SOFA score. The restriction of ICS in IE surgery should be
re-evaluated, and more prospective data in this topic are needed.
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Abstract: Opioid sparing is one of the new challenges in anesthesia and perioperative medicine.
Opioid reduced anesthesia (ORA) is part of this approach, and it consists of a multimodal analgesia-
associating non-opioid analgesic regional anesthesia to reduce intraoperative opioid requirements.
Major cervicofacial oncologic surgery could specifically benefit from ORA, since it is known to
generate intense and prolonged postoperative pain, with a high risk of pulmonary complications.
Methods: This is a retrospective case-controlled study of 172 patients with major cervicofacial
oncologic surgery. Group ORA (dexmedetomidine and lidocaine), n = 86, was compared to patients
treated with standard opioid based anesthesia, Group control, n = 86. The main endpoint was to
study perioperative opioid consumption and postoperative pain scores, and the secondary endpoint
was to observe opioid related side effects. Results: The ORA group received 6.2 ± 3.1 mg morphine
titration at the end of surgery, while the control group received 10.1 ± 3.7 mg p < 0.0001; there was no
significant difference in post-operative analgesia requirements and pain scores between the groups.
Intraoperatively, the ORA protocol yielded bradycardia in 4 persons, while in the control group,
only 2 persons had bradycardia necessitating intervention, p < 0.05. Postoperatively, episodes of
hypoxemia (50%) and the need for additional pressure-assisted ventilation (6%), was significantly
different in the ORA group than in the control group (70% and 19%), p < 0.05. There was no
difference between the two groups for the incidence of nausea and vomiting, ileus, or postoperative
delirium. Discussion: ORA was not associated with a decrease in postoperative pain and opioid
requirement, but possibly reduced the incidence of hypoxemia and the use of additional pressure-
assisted ventilation, although we cannot rule out confounding factors. The possible benefits of ORA
remain to be demonstrated by prospective studies.

Keywords: opioid free anesthesia; opioid reduced anesthesia; dexmedetomidine; cervicofacial
oncologic surgery

1. Introduction

Opioids are historically part of the fundamental tripod of anesthesia, in association
with hypnotics and neuromuscular blockers. In France, 1.1% of the population received
a prescription for strong opioids in 2017, with an increase of +104% between 2004 and
2017. According to pharmacovigilance reports, this increase in consumption was also
accompanied by episodes of overdoses, which increased by 98% between 2004 and 2016 [1].

Opioids are frequently administered during the perioperative period; it is estimated
that 50% of patients are discharged with a prescription for strong opioids for the manage-
ment of postoperative pain, and more than 3% still use them 3 months later [2].

Opioids have multiple side effects, including a dose-dependent respiratory depressant
effect, sedation, chest rigidity, cough depression, and bronchoconstriction at high doses.
A total of 46% percent of patients treated with intravenous opioids experience respiratory
depression [3]. Postoperative nausea and vomiting (PONV) is the most frequent and feared
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side effect of opioids, with a mean incidence of 25% for vomiting and 52% for nausea [4].
Finally, opioids may induce hyperalgesia, tolerance, and dependence. Hyperalgesia refers
to an increased sensitivity to feeling pain from a stimulus that usually provokes it. In a
meta-analysis by Fletcher et al., high-dose vs. low-dose intraoperative remifentanil was
responsible for a significant increase in early postoperative pain scores and was associated
with increased morphine consumption [5]. Tolerance refers to the decrease in a pharmaco-
logic effect and the need’ to increase the dose required to achieve the same effect; it can
occur during both occasional and chronic pain, which can subsequently complicate pain
management and increase the risk of opioid-related adverse events [6].

New anesthetic strategies seek to rationalize the administration of opioids by con-
sidering new drug synergies. One alternative is opioid free anesthesia (OFA) or, more
moderately, opioid reduced anesthesia (ORA). Under general anesthesia, the patient will
not experience pain, but rather nociception, which is the propagation of a painful stimulus
by the sensory system and the reflex activation of the sympathetic system. Therefore, the
management of intraoperative analgesia corresponds to the control of the hemodynamic
response to nociception [7]. The activation of opioid receptors is one pathway of blocking
the transmission of nociceptive information, but it is not the only one. OFA considers the
plurality of mechanisms of action involved in nociception and is based on a balanced and
multimodal analgesia by combining regional anesthesia (RA), NMDA receptor antagonists
(ketamine, magnesium sulfate), anti-inflammatory drugs (NSAIDs, dexamethasone, and
intravenous lidocaine), and α-2 agonists (dexmedetomidine or clonidine). The concept of
OFA/ORA uses this synergy of action on different receptors to counter the nociceptive
response to minimize the use of opioids. To date, OFA is a controversial strategy, despite
a recent meta-analysis describing postoperative outcome improvements in several surgi-
cal settings [8]. Nevertheless, its clinical value is still being evaluated, as there are only
few robust studies in this field. In the worrying context of the opioid crisis, it remains
a hot topic: 74 ongoing studies on OFA are listed on clinicaltrials.gov. Another recent
meta-analysis of 23 randomized controlled trials and more than 1000 patients observed
equivalent analgesia between patients who received opioids and those in the OFA group at
2 h postoperatively, with a 20% reduction in PONV in favor of OFA [9]. However, it did
not observe a significant difference in postoperative morphine consumption [9]. Another
recent meta-analysis by Salomé did not find any clinically relevant benefit to OFA in terms
of analgesia or postoperative opioid consumption [10]. Less radical, ORA aims only to
reduce the use of intraoperative opioids, without eradicating them completely.

Pain is the most frequent symptom related to cervicofacial oncologic surgery: 86% of
patients describe pain at the time of diagnosis [11]. This pain is exacerbated postoperatively
and uncontrolled in 50% of patients [12]. Cervicofacial cancer surgery is often a major, long,
and decaying surgery. In the case of extended tumor resection, the need for a reconstruction
flap to fill in the loss of substance makes it a double or even triple site surgery. While
the flap harvest site is often accessible to regional anesthesia to limit postoperative pain,
facial blocks to cover the tumor resection area are rarely performed in routine practice.
The accumulation of these multiple sites is responsible for complex pain mechanisms
in the postoperative period, which are difficult to relieve despite a quality multimodal
systemic analgesia [13]. Moreover, cervicofacial cancer patients often present several risk
factors for postoperative complications: alcohol and tobacco addictions, respiratory and
cardiovascular comorbidities, malnutrition, and chronic pain [14]. A total of 41% percent of
cervicofacial cancer surgery patients use opioids preoperatively [15]. All these vulnerabili-
ties lead to a very high postoperative morbidity and mortality: 43% of patients present a
respiratory complication after this type of surgery with free flap reconstruction, and 10%
acquire a pulmonary infection after laryngectomy. Finally, postoperative hospital mortality
is 4% in these patients vs. 1% in the general population [16]. To date, there is no study
evaluating the use of OFA or ORA in cervicofacial oncologic surgery. In this retrospective
study, we investigated whether intraoperative morphine sparing with ORA was associated
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with a better intra- and postoperative analgesia and a reduction in opioid-related side
effects compared to traditional opioid-based anesthesia.

Our main endpoint was the intra- and postoperative opioid requirements and postop-
erative pain scores in major cervicofacial cancer surgery by using an ORA protocol.

2. Materials and Methods

This single center retrospective study was performed between January 2019 and March
2020. Patients data were collected and processed in agreement with Gustave Roussy insti-
tutional review board approval on 11 September 2020, which did not identify any element
contrary to medical ethics. In accordance with the recommendations of the Commission
Nationale de l’Informatique et des Libertés and the new European GRPD regulations,
patients were informed of the collection of their data by an information letter and could
object if they wished. The control group consisted of scheduled major cervicofacial surgery
lasting more than 4 h, with or without reconstruction. The indications of these major
surgeries were decided by a multidisciplinary committee; patients with cardiovascular
conditions, respiratory instability, or cognitive disability, along with other vital emergency
situations, were excluded until improvement and stabilization were achieved.

All patients of the ORA group exhibited the same indications and counter indications
as the control group; however, patients were included if they had no counter indications
to ORA medications, which were dexmedetomidine and IV lidocaine. These exclusion
criteria were: patients with cardiac conduction disorders, such as atrioventricular block or
sinoatrial block, patients treated with beta-blockers and calcium channel blockers, those
with a heart rate lower than 50/min during the anesthesia consultation, and patients with
severe malnutrition.

2.1. Anesthesia Protocol and Postoperative Management
Protocol

In all patients, general anesthesia included propofol titration, ketamine, dexametha-
sone, and a non-depolarizing neuromuscular blockade. Anesthesia was maintained with
sevoflurane, desflurane, or total intravenous target-controlled anesthesia (TIVA) with
propofol, depending on the patient’s medical history, and IV bolus (0.3 mg/kg) followed
by 0.15 mg/kg/h of ketamine. A peripheral block with a bolus of ropivacaine 2% was
performed before induction at the harvest site in case of reconstruction, when possible, to
improve intra- and postoperative analgesia [17].

In the control group, remifentanil was administered by target-controlled infusion
(TCI), whereas in the ORA group, intraoperative analgesia was provided by a mean IV
bolus of dexmedetomidine 0.4μg/kg at induction, followed by a continuous infusion
at the discretion of the anesthetist in charge. Lidocaine IV was started with a bolus of
1.5 mg/kg for patients not treated with regional anesthesia, followed by a continuous
infusion of 1 mg/kg/h for all patients, which was stopped at the start of skin closure. In the
ORA Group, TCI remifentanil was still connected as a back-up, but administered only if
the hemodynamic response to nociception, defined as tachycardia or hypertension, did
not appear to be controlled by the ORA protocol alone. In both groups, intraoperative
changes in remifentanil targets and dexmedetomidine doses were at the discretion of the
anesthesiologist in charge. All patients were administered an infusion of magnesium sulfate
(2 g) intraoperatively.

In both groups, multimodal postoperative analgesia at the end of the procedure
included paracetamol, nonsteroidal anti-inflammatory drugs, nefopam, and a morphine
titration (0.5–0.15 mg/kg) before awakening, followed by intravenous morphine in patient
controlled analgesia mode (PCA) for 24 to 72 h. A continuous perineural infusion of
ropivacaine was prescribed in patients who benefited from a regional block with peri-neural
catheterization. Intraoperative monitoring of the patients included invasive measurement
of blood pressure by arterial catheter associated with a pulse wave contour analysis system
(EV1000®) Edwards Lifesciences Corp., Irvine, CA, USA, monitoring of the depth of
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anesthesia by the bispectral index, and monitoring of the neuromuscular blockade using
an NMT Philips Intellivue accelerometer module (Royal Philips Electronics, Amsterdam,
The Netherlands).

Postoperatively, patients were transferred to the post-anesthesia care unit (PACU) and
then to the surgical continuous care unit (SCCU) for 24 to 72 h, depending on the surgery
and the evolution. Patients with hypoxemia or desaturation less than 95% necessitating
more than 3L of oxygen, or other type of mild respiratory complications, such as atelecta-
sis, could benefit from high-flow nasal oxygen therapy or intermittent pressure-assisted
ventilation support. The intensivist in charge could also decide the need for continuous
invasive ventilation at any time, and transfer the patient to a medical intensive care unit for
more respiratory support if needed.

In addition, from November 2019, patients with tracheostomy at the end of surgery
were also included in a preemptive respiratory optimization protocol, with pressure-
assisted ventilation (PAV) as part of a quality assurance program. This protocol consisted
of 1 session of 30 min of PAV 6 times a day for 24 h, starting in the PACU, and continued in
the SICU. In this protocol, FiO2 was adapted to have a saturation above 95%, and pressure
ventilation was adjusted to obtain a tidal volume of 6–8 mL/min.

The following main endpoint parameters were recorded; intraoperative remifentanil
dose and morphine titration dose at the end of the operation, as well as at Day 1 and
Day 3, and the occurrence of uncontrolled pain (defined by a numeric pain rating verbal
scale (NVS) > 3) and clinically acceptable pain (defined by a NVS ≤ 3) during the first 72
postoperative hours, as well as the site of origin of the pain.

The secondary parameters were: episodes of postoperative hypoxemia defined as
SpO2 < 95%, or the need of oxygen higher than 3 L/min. The necessity of additional
pressure-assisted ventilation or high-flow nasal oxygen postoperatively, in the case of
hypoxemia or hypoventilation, the occurrence of postoperative nausea and vomiting
(PONV) until Day3, postoperative ileus defined by the absence of stool at D3, urinary
retention defined by the necessity of a new bladder catheterization after removal of the
urinary catheter, and post-operative delirium defined by an equivalent score on the Nursing
Delirium Screening Scale (Nu-DESC) > 2.

Hemodynamic tolerance of the anesthetic protocol was assessed by episodes of brady-
cardia requiring a bolus of atropine and intraoperative hypotension evaluated by the
average noradrenaline flow in mg/h.

2.2. Statistical Analysis

Patient data were anonymized and recorded in the REDCap® database (Vanderbilt
University, Nashville, TN, USA) of our institution. Qualitative variables were described
using numbers and percentages. Quantitative variables were presented by their mean
and standard deviation, when the distribution was normal, and by their median and
interquartile range (25th and 75th percentile of the distribution) otherwise.

To test the association between anesthesia technique and the different qualitative
variables of interest, we used the Chi-squared test, if validity conditions were met, and
the Fisher exact test otherwise. For quantitative variables, we used the nonparametric
Wilcoxon test.

Linear regression was employed to adjust the effect of ORA on opioid consumption
(intraoperative remifentanil dose, morphine titration dose at the end of the operation, and
morphine consumption at Day 1 and Day 3). The following variables were used in the
adjusted models: sex, age (years), and ASA score groups (ASA score I and II, ASA score III
and IV).

All statistical analyses were performed with SAS© 9.4 software (SAS Institute Inc.,
Cary, NC, USA).
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3. Results

3.1. Patient Characteristics

Data from 172 patients were collected in the analysis, with 86 patients in each group.
The main demographic characteristics were comparable: 39.6% were women, with a mean
age of 58 years. A total of 19.2% of patients were in chronic pain and were receiving an
opioid treatment preoperatively. However, the two groups were not comparable regarding
all characteristics (Table 1).

Table 1. Baseline characteristics of patients.

Characteristics Total Control n = 86 ORA n = 86 p Value

Female sex, n (%) 68 (39.6) 33 (38.4) 35 (40.7) 0.87
Age (years), mean (min-max) 57.5 (19–91) 59.2 (19–91) 55.8 (20–77) 0.08

ASA score I and II, n (%) 131 (76.2) 58 (67.4) 73 (84.9) 0.01
Comorbidities

High blood pressure, n (%) 51 (29.7) 31 (36) 20 (23.3) 0.09
Diabetes, n (%) 16 (9.3) 12 (14) 4 (4.7) 0.06

Cardiovascular disease *, n (%) 9 (5.2) 8 (9.3) 1 (1.2) 0.04
COPD, n (%) 76 (44.2) 45 (52.3) 31 (36) 0.04

Sleep apnea syndrome, n (%) 8 (4.7) 2 (2.3) 6 (7) 0.27
Obesity, n (%) 18 (10.5) 9 (10.5) 9 (10.5) 0.99

Malnutrition, n (%) 25 (14.5) 18 (20.9) 7 (8.1) 0.029
Chronic pain treated by opioids, n (%) 33 (19.2) 18 (20.9) 15 (17.4) 0.71

Previous cancer, n (%) 52 (30.2) 36 (41.9) 16 (18.6) 0.002
Surgery

Median duration, hours [min-max] 10 [4–16] 10 [4–14] 10 [5–16] 0.58
Free flap reconstruction, n (%) 158 (91.9) 84 (97.7) 74 (86) 0.01

Tracheostomy, n (%) 153 (89) 82 (95.3) 71 (82.5) 0.4
Mandibulectomy, n (%) 62 (36) 35 (40.7) 27 (31.4) 0.26

Glossectomy, n (%) 35 (20.3) 15 (17.4) 20 (23.3) 0.44
Maxillectomy, n (%) 31 (18) 13 (15.1) 18 (20.9) 0.67

Pharyngectomy, n (%) 41 (23.8) 26 (30.2 15 (17.4) 0.07
Laryngectomy, n (%) 18 (10.4) 6 (7) 12 (14) 0.21

Other **, n (%) 27 (15.7) 11 (12.7) 16 (18.6) 0.81

* Cardiovascular disease, including coronary artery disease, peripheral arterial disease, and carotid atherosclerosis.
** Other surgery, including parotidectomy, ventriculoplasty, and ethmoidectomy crico-hyoido-ethmoido-pexy.
ASA: American Society of Anesthesiology; COPD: chronic obstructive pulmonary disease; ORA: opioid reduced
anesthesia.

Surgeries lasted a median of 10 h (minimum = 4; maximum = 16) and consisted mainly
of mandibulectomy and pharyngectomy with flap reconstruction. Tracheotomized patients
in the ORA group (71 out of 86) received postoperative preemptive pressure support
ventilation as part of a quality assurance program. In the control group, 82 out of 86
benefited from this protocol.

Main endpoint: opioid consumption and pain scores.
The ORA group received significantly less remifentanil intraoperatively 0.01μg/kg/min

vs. 0.07 μg/kg/min in the historical cohort (p < 0.0001). The morphine titration dose at
the end of the procedure was also significantly lower in the ORA group: 6.2 ± 3.1 vs.
10.1 ± 3.7 mg in the control group (p < 0.0001).

Postoperatively, the cumulative consumption of morphine by PCA at D1 and D3 was
similar between the 2 groups, respectively, with 18mg in median at D1(min = 4; max = 20)
in the control group vs. 17 (min = 6; max = 30) mg in the ORA group (p = 0.639) and 34
(18–63) vs. 38 (16–73) mg at D3 (p = 0.799).

Pain scores: At Day1, the incidence of clinically acceptable pain relief at rest (NVS < 3)
was significantly higher in the OFA group, with 48.8% vs. 29.4% in the control group,
(p = 0.009). No significant difference was observed for uncontrolled pain.

No difference was noticed at Day 2 and Day3.
Intraoperative events and drugs used are displayed in Table 2.

265



J. Clin. Med. 2023, 12, 904

Table 2. Intraoperative events.

Total n = 172 Control n = 86 ORA 86 p Value

Propofol (mg/kg), median [IQ 25; 75] 2.46 [2.03; 2.86] 2.42 [2.01; 2.85] 2.5 [2.06; 2.86] 0.263
Remifentanil for intubation, n (%) 135 (78.5) 85 (98.8) 50 (58.1) <0.001

Dexmedetomidine bolus (μg/kg), median [IQ 25; 75] - - 0.4 [0.3; 0.5] -
Maintenance

Sevoflurane, n (%) 162 (94.2) 80 (93) 82 (95.4) 0.746
Desflurane, n (%) 8 (4.7) 5 (5.8) 3 (3.5) 0.720

TIVA Propofol, n (%) 2 (1.2) 1 (1.2) 1 (1.2) 0.999
Minimal infusion rate of dexmedetomidine

(μg/kg/h), median [IQ 25; 75] - - 0.2 [0.2; 0.4] -

Maximal infusion rate of dexmedetomidine
(μg/kg/h), median [IQ 25; 75] - - 0.8 [0.7; 1] -

Regional anesthesia, n (%) 111 (64.5) 48 (55.8) 63 (73.3) 0.025
Perineural catheterization, n (%) 93 (54.1) 56 (65.1) 37 (43) 0.006

Fluid infusion (mL/kg/h), median [IQ 25;75] 10 [8; 12] 10 [8;12] 10 [8;12] 0.987
Intraoperative transfusion, n (%) 88 (51.2) 58 (67.4) 30 (34.9) <0.001

Urine output (mL/kg/h), median [IQ 25; 75] 1.6 [0.8;3] 1.3 [0.8; 3] 2.1 [1.2; 3.3] 0.042

ORA: opioid reduced anesthesia; IQ: interquartile; D: postoperative day.

The pain score assessment was equivalent between the two groups over the 72 h
(Figure 1).

Figure 1. Pain assessment over the first 72 h. ORA: opioid reduced anesthesia; D: postoperative day.

Pain was mainly localized at the cervical and facial area (81%), followed by the flap
harvest site (43%), and then the tracheostomy (26%) (Figure 2).
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Figure 2. Pain location; ORA: opioid reduced anesthesia.

3.2. Secondary Endpoints
Opioids Adverse Effects Endpoints

The ORA group experienced 43 (50%) episodes of hypoxemia, while the control group
exhibited 60 (70%) (p = 0.013). The necessity of using additional PAV or HFO was lower in
the ORA group, with 5 (6%) vs. 16 (19%) in the control group (p = 0.018).

The incidence of PONV at Day2 was similar in both groups, with 17 (20%) in the ORA
group vs. 16 (19%) in the control group (p = 0.999).

Hemodynamic tolerance of the anesthetic protocol: the rate of infusion of vasopressor
support by norepinephrine was significantly more important in the ORA group in compari-
son to the control group, with a mean of 0.2mg/hour vs. 0.1mg/hour (p = 0.044). Other
secondary endpoints are displayed in Table 3.

Table 3. Secondary endpoints: opioids side effects and intraoperative hemodynamic tolerance.

Secondary Endpoints Total n = 172 Control n = 86 ORA n = 86 p Value

Postoperative opioid side effects
Hypoxemia, n (%) 103 (59.9) 60 (69.8) 43 (50.0) 0.013

Additional PAV or HFO, n (%) 21 (12.2) 16 (18.6) 5 (5.8) 0.018
PONV, n (%) 33 (19.2) 16 (18.6) 17 (19.8) 1.000
Ileus, n (%) 43 (25) 20 (23.3) 23 (26.7) 0.723

Acute urinary retention, n (%) 20 (11.6) 9 (10.5) 11 (12.8) 0.813
Delirium, n (%) 11 (6.5) 6 (7.1) 5 (5.8) 0.764

Intraoperative hemodynamic tolerance
Bradycardia, n (%) 6 (3.5) 2 (2.3) 4 (4.7) 0.682

Norepinephrine infusion, mean ± SD (mg/h) 0.2 ±0.2 0.1 ±0.2 0.2 ±0.2 0.044

HFO: high-flow oxygen; PAV = pressure-adjusted ventilation; ORA: opioid reduced anesthesia; SD: standard
deviation. PONV= postoperative nausea and vomiting.

4. Discussion

In this retrospective study, ORA protocol did not have a significant impact on pain
scores or postoperative morphine consumption, despite a reduction in intraoperative
opioid doses. Pain was not optimized in more than 50% of the patients, underlining the
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difficulty of postoperative analgesic management in major cervicofacial cancer surgery
patients [17]. Indeed, this is a surgery involving a highly innervated anatomical region.
The pain trajectory of cervicofacial cancer patients is complex and might be characterized
by paroxysmal attacks of pain with a continuous pain background, associating neuropathic,
bone, joint, and cutaneous-mucosal and multi-site pain with a significant inflammatory
component [13,18]. The resection surgery most often requires a flap covering, adding
another pain site. Although the flap harvest site pain can be mostly relieved by regional
anesthesia, cervicofacial blocks, such as those involving the V2 and V3 (trigeminal) nerves,
are practiced by only a few teams in routine clinical practice; these procedures should be
developed and their effect on acute and possible chronic pain studied. ORA is a multimodal
anti-nociceptive strategy with an anti-inflammatory component, achieved by intravenous
lidocaine; however, it seems difficult to prejudge its effectiveness in such a painful surgery
where patients are often pre-exposed to opioids.

Concerning the adverse effects of opioids, ORA patients showed a statistically sig-
nificant reduction in hypoxemic events, as well as postoperative PAV or HFO; we do not
believe this is attributable to the lesser opioid use in the ORA group at Day 1, since there
is not enough data in this retrospective study to speculate further on this result, as our
respiratory PAV protocol might also have been a confounding factor in this small-sized
heterogeneous population.

There was no reduction in other opioids side effects, such as PONV, in the ORA
group. In addition, we noticed a particularly smooth awakening in the ORA group that
persisted for 24 h after surgery. However, this observation was subjective, since there was
no standardized planned evaluation to compare the two groups in this respect. Alpha-2
agonists are recognized and used daily in intensive care for their sedative and analgesic
virtues in assisted ventilation weaning and in the prevention of delirium [19].

The cardiac rhythm tolerance of the ORA protocol was acceptable, with the occurrence
of 4 episodes of bradycardia requiring atropine. There was also some intraoperative
hypotension requiring vasopressor support in the ORA group, probably related to the
vasoplegia induced by dexmedetomidine and intravenous lidocaine.

Major cervicofacial oncologic surgery is characterized by a high intraoperative blood
pressure lability. It includes an initial period of tumor debulking, marked by a major
nociceptive stimulation associated with a hemodynamic response, which decreases as soon
as the tumor is resected. Subsequently, the blood pressure maintenance objectives shift
to focus on the perfusion of the free flap. This blood pressure lability is also related to
the vasculopathy of cervicofacial cancer patients, some of whom have lost the carotid
baroreflex following previous cervical radiotherapy and have sequential post-radiation
dysautonomia.

To develop perioperative medicine, the introduction of the ORA protocol in our
department was part of a global approach to improve recovery after major surgery. The
concomitant implementation of a protocol of respiratory rehabilitation by preemptive
PAV and the surge in practice of regional anesthesia at the harvest site may have been
confounding factors.

Data in the literature on OFA and ORA are discordant. Mulier’s randomized controlled
trial described a decrease in postoperative pain, opioid consumption, desaturations, and
PONV in the OFA group vs. anesthesia with opioids in laparoscopic bariatric surgery, with
no difference in intraoperative hemodynamics [20]. Similarly, the randomized controlled
trial of 80 bariatric laparoscopic urological surgery patients by Bhardwaj et al. revealed
fewer respiratory depressions and better analgesia in the OFA group [21]. No episodes of
bradycardia were described in this study.

On the other hand, the recent randomized controlled trial POFA of 303 patients, led
by Beloeil et al., was discontinued prematurely because of episodes of severe bradycardia
attributed to dexmedetomidine [22]. Unexpectedly, more respiratory events were found in
the OFA group. There was no difference in postoperative pain, but there was a decrease in
opioid consumption. The OFA group exhibited less PONV, but there was no difference in
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postoperative ileus. The primary endpoint in this latter study was a composite including
hypoxemia, nausea-vomiting, and postoperative cognitive dysfunction as adverse effects
of opioids, possibly losing specificity upon statistical evaluation.

The hemodynamic adverse effects of alpha 2 agonists in anesthesia were confirmed by
the meta-analysis conducted by Demiri et al., which included more than 56 studies and
4800 patients. Indeed, they were significantly associated with more hypotensive episodes
and bradycardia, both pre- and postoperatively [23]. In Frauenknecht’s meta-analysis
including 23 randomized studies and 1300 patients, with a high level of evidence, OFA
decreased the rate of postoperative nausea and vomiting, but had no effect on postoperative
pain. The study did not evaluate the rate of respiratory complications [9]. In the recent
meta-analysis by Salomé et al., conducted on 2209 patients in 33 randomized controlled
trials, the OFA technique showed a reduction in PONV and pain in PACU, but had no
effect on postoperative pain or opioid consumption at 48 h. This study did not find more
hemodynamic complications in the OFA group [10]; finally, in another recent meta-analysis,
Olausson et al. found that OFA significantly reduced adverse postoperative events in
many common interventions, such as gynecological, upper gastrointestinal, and breast
surgeries [8].

The comparison between studies is complex because each trial has its own OFA
protocol for the reduction or even suppression of intraoperative opioids, and the judgment
criteria are not standardized.

To our knowledge, this study is the first to focus on ORA in major cervicofacial
oncologic surgery, where patients are intrinsically at high risk of pain due to the tumor
localization, but also because of multi-site nature of the surgery. This study specifically
informs us concerning an understudied, yet morbid, population regarding anesthesia.

This study has some limitations. The first is its retrospective nature and its limited
sample size, which results in a lack of ability to detect differences between the two groups.
The use of remifentanil, even in low target concentrations, might be questionable; how-
ever, anesthesia providers at the time of the study were not familiar with opioid reduced
anesthesia and preferred to have a back up “ready to use” opioid in case of severe sym-
pathetic response to nociceptive stimulation. Additionally, the inclusion of patients with
preoperative opioid consumption could also be questioned; as this was not a randomized
study, but a retrospective case-controlled investigation, we preferred to check the effect of
this protocol on these patients as well. In a previous study, we described an increase of
40% regarding opioid requirements in these patients undergoing major cancer surgery, and
we hypothesized that any opioid-saving effect would be beneficial to these patients [24].
Finally, major cervicofacial surgery includes multiple types of surgery, and the most com-
plex types are those with free flap reconstruction. Usually, free flaps are harvested from
a distant site, such as the fibula, quadriceps, or scapula, and intense postoperative pain
can emanate from the harvest site. In addition to those at the cervical site, we believe
that regional blocks performed by anesthesiologists are truly beneficial in this category
of patients (in contrast to catheters placed by surgeons) [18]; therefore, since this was a
retrospective study, it was not permitted to exclude patients who had peripheral regional
blocks. However, there was no cervical site block in any case (since these blocks are not
performed in our institution); therefore, the pain emanating from the cervicofacial site is
constant and significant. The groups were not totally comparable, as there were patients in
the control group who were more critical and who underwent more complex procedures,
which limited the interpretation of the results. This initial difference between the 2 groups
can be explained by an important selection bias, since, despite the broad inclusion criteria,
patients in the ORA group were pre-selected based on the absence of comorbidities as part
of the introduction of a new protocol. Nevertheless, we tried to adjust the two groups for
the main endpoints by using additional linear regression and multivariate analysis, and we
did not find differences in comparison to our initial results. Intraoperative nociception was
not monitored, with opioid administration left to the discretion of the clinician based on
the hemodynamic response to nociceptive stimuli that was potentially minimized by using

269



J. Clin. Med. 2023, 12, 904

α-2 agonists. The monitoring of nociception by a pupilometer or a nociception monitor
was not possible due to the sympatholytic mechanism of action of dexmedetomidine and
the surgery site. Unfortunately, we did not have other means of measuring nociception,
which was not routinely monitored at the time of the study.

To date, there are few randomized controlled studies using large numbers to validate
opioid-reduced anesthesia. The comparison of existing studies is complex because different
endpoints are studied—postoperative pain, hypoxemia, respiratory complications, PONV—
and each OFA or ORA protocol is specific to the anesthesia team that implements it. The
use of dexmedetomidine in these protocols is not without risk, and the POFA study [22]
suggests more caution regarding its use in the face of severe bradycardia, which led to its
premature withdrawal.

The opioid health crisis alone does not justify denigrating one of the historical pillars
of anesthesia and postoperative analgesia. It is important to contextualize the use of
opioids, which is necessary in 3% of postoperative patients after 3 months [2], while chronic
postoperative pain persists in 12% of patients [5].

To date, postoperative analgesia, although a key issue in perioperative management,
has not been optimized. Multimodal analgesia, although its effectiveness has been demon-
strated in the literature, is far from being ubiquitous. In Ladha’s study, only 56% of the
patients received non-opioid multimodal analgesia postoperatively [25]. Similarly, it is
estimated that only 3% of patients benefit from regional analgesia compared to the 25%
who are eligible [26]. The reduction in opioids would be the logical consequence of a better
postoperative analgesic management. In the absence of a “one size fits all” policy, it would
be judicious to adapt anesthesia and postoperative analgesia to each patient according to
their risk factors and the surgery that awaits them by favoring multimodal anesthesia and
analgesia, which would allow for opioid sparing.

Cervicofacial oncologic surgery is an excellent example of the complexity of periop-
erative analgesic management, and it could be the target of a multimodal anesthesia that
could include α-2 agonists as adjuvants, but not replacements, for opioids.

5. Conclusions

Except for in the first postoperative hours, this retrospective study did not find a
significant improvement in the management of post-operative analgesia after the imple-
mentation of an opioid-reduced anesthesia protocol in major cervicofacial oncologic surgery.
Prospective studies are necessary regarding this type of complex surgery to better manage
postoperative pain in these patients.
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Abstract: Inhaled sedation was recently approved in Europe as an alternative to intravenous sedative
drugs for intensive care unit (ICU) sedation. The aim of this narrative review was to summarize the
available data from the literature published between 2005 and 2023 in terms of the efficacy, safety,
and potential clinical benefits of inhaled sedation for ICU mechanically ventilated patients. The
results indicated that inhaled sedation reduces the time to extubation and weaning from mechani-
cal ventilation and reduces opioid and muscle relaxant consumption, thereby possibly enhancing
recovery. Several researchers have reported its potential cardio-protective, anti-inflammatory or
bronchodilator properties, alongside its minimal metabolism by the liver and kidney. The reflection
devices used with inhaled sedation may increase the instrumental dead space volume and could
lead to hypercapnia if the ventilator settings are not optimal and the end tidal carbon dioxide is not
monitored. The risk of air pollution can be prevented by the adequate scavenging of the expired
gases. Minimizing atmospheric pollution can be achieved through the judicious use of the inhalation
sedation for selected groups of ICU patients, where the benefits are maximized compared to intra-
venous sedation. Very rarely, inhaled sedation can induce malignant hyperthermia, which prompts
urgent diagnosis and treatment by the ICU staff. Overall, there is growing evidence to support the
benefits of inhaled sedation as an alternative for intravenous sedation in ICU mechanically ventilated
patients. The indication and management of any side effects should be clearly set and protocolized by
each ICU. More randomized controlled trials (RCTs) are still required to investigate whether inhaled
sedation should be prioritized over the current practice of intravenous sedation.

Keywords: volatile anesthetics; sedation; intensive care unit; mechanical ventilation; isoflurane;
sevoflurane; desflurane

1. Introduction

Inhaled sedation for critically ill patients with volatile anesthetic agents were recently
revisited during the current coronavirus disease COVID-19 pandemic in view of the short-
age in intravenous sedative agents. Many governments took action to address this issue
by centrally managing the supply chains affected by the lockdown policies and the inter-
national travel restrictions [1–4]. Isoflurane, one of the volatile anesthetic agents, is now
approved for intensive care unit (ICU) sedation in several European countries. Intravenous
sedatives and their active metabolites are organ-dependent for elimination, and this can
lead to unpredictable pharmacokinetics and pharmacodynamics, drug accumulation, poor
clearance, and slow wake-up in critically ill patients. In contrast, volatile anesthetics are
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independently exhaled by the lungs and require minimal metabolism [5–11]. The objectives
of this narrative review were to identify and discuss the published literature concerning
the role of volatile anesthetics as sedatives for mechanically ventilated patients in the ICU.
This review focused on lessons learned and the precautions required.

2. Materials and Methods

The study was approved by the local research and ethics committee (IRB KFHH
No. H-05-HS-065) of King Fahad Hospital, Hofuf city, Saudi Arabia. The research approval
number is RCA NO: 12-E-2021.

In this narrative review, databases including Embase, CINAHL, Scopus, Google
Scholar, Google, Science Direct, ProQuest, ISI Web of Knowledge, and PubMed were
searched to obtain the related literature published in the English language. The key words
were: Inhalation Sedation; volatile anesthetic agents; Intensive Care Unit; Mechanical
ventilation; Isoflurane; Sevoflurane; and Desflurane.

Study selection: Randomized controlled trials (RCT), observational studies, retrospec-
tive studies, and reviews were included. The patients were adult humans (age >18 years)
under mechanical ventilation in medical, surgical, and specialized cardiac ICUs, but not
neurosurgical ICUs. The recorded data included the volatile anesthesia sedation effects on
ventilation and weaning, hemodynamics stability, organ dysfunction, cognitive function,
recovery, and the risk of air pollution.

3. Results

The literature search focused on the period between 2005 and 2023. Seventy-four
peer-reviewed studies were selected as a result of the initial reading of the abstracts and
reviewing the full text for each article. Sixty-seven peer-reviewed studies were included
that identified and covered different aspects of inhalation sedation practice. Six recent and
different studies summarized the various practical aspects of concern with inhaled sedation
among COVID-19 patients during the last pandemic. (Table 1).

Inhaled sedation reduced the extubation and weaning times of mechanical ventilation,
lowered opioids (analgesic sparing effect) and muscle relaxants consumption, enhanced
recovery and minimized delirium. Table 2 demonstrates the published controlled trials
that demonstrated the analgesic sparing effect of inhalation sedation compared to the other,
traditional intravenous sedatives. The improvement in the quality of recovery was demon-
strated by Ostermann and his colleagues in their systematic review, Mesnil et al. in their
clinical trial, and Blondonnet et al. in their national survey [12–14]. Inhaled sedation must
utilize anesthesia reflection devices (ACD-s), such as the Sedaconda Anesthetic Conserving
device (Sedaconda-ACD. Sedana Medical, Danderyd, Sweden) and the MIRUS system
(Pall Medical, Dreieich, Germany). An Illustration of ICU setup for inhalation sedation
presented in Figure 1. These devices significantly increase the dead space and require tidal
volumes greater than 350 mL and increasing the respiratory rate of the ventilators to avoid
hypercapnia, together with the monitoring of any potential auto-positive end expiratory
pressure (PEEP) [15–17]. This led to the development of smaller reflection devices, with
only 50 mL dead space (ACD-S), in 2017. These ACD-s were not associated with hypercap-
nia with the tidal volumes > 200 mL [18]. Table 2 presents two randomized controlled trials
and one prospective study demonstrating the ability of analgesic drugs’ sparing effects
of the inhaled sedation [8,19,20]. Table 3 summarizes the controlled trials that support
the role of volatile agents in preserving systemic hemodynamics compared to intravenous
propofol [7,21,22]. Fifteen studies also addressed the organ-protective properties of these
volatile anesthetic agents. Other studies addressed different topics and will be discussed
in sequence.
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Table 1. Published studies in chronological on sedating COVID-19 mechanically ventilated patients
with volatile anesthetic agents.

Study Study Type and Population Sedative Agents Conclusion

Flinspach A et al. [12]
(2020)

Retrospective analysis of five
COVID-19 patients admitted to

the ICU and requiring
mechanical ventilation

Isoflurane

Feasibility of inhaled sedation in ICU
and patients undergoing ECMO.
Adequate sedation to facilitate

ventilator synchrony,
prone positioning

Kermad et al. [13]
(2021)

Retrospective study included 20
patients with COVID-19 ARDS

admitted to the ICU

Isoflurane as inhalational and
propofol as intravenous

sedative

Isoflurane provides sufficiently deep
sedation with less polypharmacy, less
NMBA use and lower opioid doses.

Nieuwenhuijs-Moeke et al. [14]
(2020) Editorial Sevoflurane

Feasibility of volatiles anesthetics
and their potential beneficial effects
of volatile anesthetics on systemic
inflammation, sepsis, and ARDS in

mechanically ventilated
COVID-19 patients

Suleiman A et al. [15]
(2021) Review of literature Isoflurane, Sevoflurane and

Desflurane

Short-term sedation with volatile
anesthetics may be beneficial in

severe stages of COVID-19 ARDS.
They have proven benefits at the

molecular, cellular, and tissue levels.

Kaura and Hopkins [16]
(2020) Editorial Sevoflurane

Theoretical risk of MH among
COVID-19 and educating ICU staff to

manage MH

Bellgardt et al. [17]
(2021)

Review of Critically ill COVID-19
patients undergoing ECMO Isoflurane Benefit of spontaneous breathing and

deep sedation in prone position.

ARDS: acute respiratory distress syndrome, COVID-19: coronavirus disease, ECMO: Extracorporeal membrane
oxygenation, ICU: intensive care unit, IV: intravenous, MH: malignant hyperthermia, NMBA: neuromuscular
blocker agents.

Table 2. Published trials in a chronological order demonstrating the analgesic drugs sparing effect of
inhaled sedation compared to intravenous sedation.

Study
Study Type and

Population

Inhaled Sedation
Group

(Drug, n)

Intravenous
Sedation Group

(Drug, n)

Mean Sedation
Duration

Target Sedation
Level

Outcomes

Jung S. et al. [8]
(2020)

Prospective study of
Patients scheduled

for elective head
and neck surgery

with tracheostomy
(post-operative
ICU sedation)

Sevoflurane
(n = 25)

Propofol
(n = 24)

Inhaled:
771.0 ± 388.4 min

Propofol:
1508.2 ± 2074.7 min

RASS −2 to −3
CPOT < 3

Post-operative opioid
consumption.

Monitored the proper
initial end-tidal
concentration of

Sevoflurane in patients
underwent head and

neck surgery
with tracheostomy

Mesnil et al. [19]
(2011)

Randomized
controlled trial
included ICU

patients who need
more than 24 h

of sedation

Sevoflurane
(n = 19)

Propofol (n = 14)
Midazolam (n = 14)

Inhaled: 50 h
Propofol: 57 h

Midazolam: 50 h
RSS 3–4

Awakening and
extubation time, RSS

monitored, post
extubation opioid
consumption, post

extubation
hallucination, renal and

hepatic function.

Meiser A et al. [21]
(2005)

Randomized,
controlled of Adult
ICU patients who

are expected to
need at least 24 h

of sedation

Isoflurane (n = 146) Propofol (n = 146) Inhaled: 48 h
Propofol: 48 h RASS −1 to −4

RASS, adverse events
monitored, opioid

consumption,
ventilation setting and

awakening and
extubation times

monitored

ICU: intensive care units, RSS: The Ramsay Sedation Scale, RASS: Richmond Agitation Sedation Scale.
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Table 3. Published randomized controlled trials in a chronological order demonstrating the inhaled
sedation preserving effect on the hemodynamics as compared to intravenous propofol sedation.

Study
Study Type and

Population
Inhaled Sedation
Group (Drug, n)

Intravenous
Sedation Group

(Drug, n)

Observation
Duration

Target Sedation
Level

Included Outcomes

Yassen K et al. [7]
(2016)

Prospective
randomized

hospital based
comparative study
of Liver transplant

adult patients
planned for
weaning of
mechanical
ventilation

Desflurane (n = 30) Propanol
(n = 30)

Inhaled:6 h
Propofol:8 h PSI 50–75/h

HR, MAP, CO, SVR,
Fetch, consumption

of vasoactive
drugs, Fentanyl
requirements,
estuation time,

psychometric tests,
and total cost.

Migliari, M. [22]
(2009)

Randomized
controlled trail of
hemodynamically
stable adult ICU

patients requiring
sedation for
Mechanical
Ventilation

Sevoflurane
(n = 17)

Propofol and
Remifentanil

(n = 17)

Inhaled Phase: 2 h
Propofol and

Remifentanil Phase:
2 h

Ramsay score ≥ 4
and a RASS ≤ −3

Vt, RR, MV, Fio2, Et
CO2, HR, IBP, CVP,
SpO2, and internal

body temperature, C
rs, R aw, PEEPi, time

to action /awake
and Ambient

contamination from
sevoflurane.

Miser A et al. [23]
(2021)

Randomized,
controlled trail of

Adult ICU patients
who are expected to

need at least 24 h
of sedation

Isoflurane
(n = 146)

Propanol
(n = 146)

Inhaled: 48 h
Propanol: 48 h RASS −1 to −4

RASS, adverse
(hemodynamic),
events, opioid
consumption,

ventilation setting
and awakening and

estuation time.

Souk up et al. [24]
(2023)

Prospective,
randomized-

controlled
phase-Ibis

monocentric
clinical-trial

Sevoflurane
(n = 39)

Propofol
(n = 40)

Inhaled >48 h
Propofol: 48 h RASS −1 to −4

RASS,
hemodynamics,

opioid consumption,
ventilation,

extubation time,
Length of

hospital stay

ICU: intensive care unit, RASS: Richmond agitation sedation scale, VT: Tidal Volume, RR: Respiratory Rate,
MV: Minute Ventilation, FiO2: inspiratory oxygen fraction, Et CO2: End Tidal Co2, HR: Heart Rate, IBP: invasive
arterial blood pressure, CVP: central venous pressure, SpO2: peripheral oxygen saturation, C rs: respiratory
system compliance, R aw: airway resistance, PEEPi: intrinsic PEEP, PSI: Patient Sate Index, MAP: Mean Arterial
Pressure, CO: Cardiac Output, SVR: systemic vascular resistance, FTc: corrected flow time.

Figure 1. An Illustration of ICU setup for inhalation sedation. Reproduced with permission from
Jabaudon M, et al. Anaesth Crit Care Pain Med. 2022. [25].
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4. Discussion

Inhaled sedation is an effective and safe alternative to intravenous sedation in ICUs,
as reported by Bisbal et al. in their prospective observational study (2011) [26]. However,
further discussion is needed to guide towards the best clinical practice and the selection of
appropriate patients for inhaled sedation.

4.1. Sedating COVID-19 Patients

The shortage in the supply of intravenous sedatives during the COVID-19 pandemic
led to the need for an alternative method of sedation. The use of inhalational agents was
explored by several intensivists. In a case series and a systematic analysis by Flinspach
A et al. in 2020, they noted that sedation by volatile anesthetic agents leads to deep sedation
in critically ill COVID-19 patients [12]. This facilitated the mechanical ventilation during
the prone position and improved the degree of synchronization with ICU ventilators.
Deep sedation reduced the aerosol generation associated with coughing and decreased
the inadvertent extubation. Kermad and his colleagues, in their retrospective chart review
(2021), reported that the COVID-19 patients were adequately sedated with isoflurane and,
hence, consumed less neuromuscular blocking agents and opioids compared to those
sedated with propofol. However, in the severe forms of COVID-19, higher sedative doses
of both isoflurane and propofol were required [13].

In 2020, the Nieuwenhuijs-Moeke et al. editorial presented other beneficial effects
of inhaled sedation among mechanically ventilated COVID-19 patients suffering from
inflammation and sepsis [14]. A recent literature review by Suleiman A et al. (2021)
suggested that short-term sedation with volatile anesthetics could be beneficial with severe
COVID-19 ARDS based on the molecular, cellular and tissue evidence [15].

One important concern was raised by Kaura and Hopkins about the possibility to
induce malignant hyperthermia (MH) among COVID-19 or non-COVID-19 patients, if
applied in a wider scale. They emphasized the need to take this into consideration and
recommended the need to educate ICU staff about the methods of the diagnosis and
management of MH [16].

On the other hand, a review by Bellgardt and his colleagues (2021) focused on the
technical details of administrating volatile anesthetic agents to COVID-19 patients on
extracorporeal membrane oxygenation (ECMO) [17].

4.2. Analgesic Drugs Sparing Effect

Critically ill patients in need of mechanical ventilation are particularly challenging
because they require polypharmacy. Inhaled sedation can lower the requirement of anal-
gesic drugs, as reported by Meiser A et al. in their RCT (2005) [21] and in a review (2012)
by Misra et al. [27]. Both reported a notable reduction in the consumption of opioids with
sevoflurane and isoflurane sedation when compared to intravenous propofol. The RCT
of Mesnil et al. (2011) also observed a reduction in post-extubation morphine consump-
tion among critical ill patients sedated with sevoflurane vs. propofol or midazolam [19].
Mo et al., in their systematic review (2019), provided evidence that inhalational sedation
was not inferior to other standard intravenous sedatives regarding pain relief [28].

Lower remifentanil consumption with sevoflurane sedation was also reported in
comparison to propofol by Jung, S. et al. in their prospective study (2020) [8]. These findings
can be explained by the ability of inhaled sedatives to block the N-methyl-D-aspartate
receptors (antagonist activity). However, in a recently published prospective, randomized-
controlled phase-IIb monocentric clinical-trial by Soukup et al. (2023), sevoflurane sedation
(>48 h) compared to propofol had a lower opioid requirement of remifentanil (400 μg/h vs.
500 μg/h, p = 0.007) and of sufentanil 40 μg/h vs. 30 μg/h, p = 0.007) [28]. More RCTs are
still required (Table 2).
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4.3. Preserved Systemic Hemodynamics

Migliari et al. reported a significant increase in heart rate with sevoflurane vs. propo-
fol, despite comparable arterial and central venous pressures [22]. A recently published
randomized, controlled trial (RCT) in 2021, by Meiser et al., demonstrated how Isoflurane
sedation was not inferior to propofol and with no significant differences in hemodynam-
ics [23]. Desflurane is rarely used as an inhalation sedative. In a prospective randomized
hospital based comparative study (2016) by Yassen et al., they investigated the postopera-
tive sedation with desflurane vs. propofol among mechanically ventilated liver transplant
recipients and reported the beneficial effects on systemic vascular resistance and mean
arterial blood pressure with Desflurane sedation [7].

Recently, Soukup et al. (2023) compared sevoflurane sedation to propofol and found
that the hemodynamics were not different [28] (Table 3).

4.4. Organ-Protective Properties

A reduction in the need for inotropic support following coronary bypass graft surgery
with sevoflurane vs. propofol was mentioned in Soukup et al.’s review in 2009, Steurer et al.
(RCT) in 2012 and Soro et al. (RCT) in 2012 [29–31]. A significant reduction in troponin T
concentrations were also reported by Steurer et al. [29]. A review conducted by Orriach et al.
(2013) reported that sevoflurane postoperative sedation reduced oxygen consumption and
lowered the troponin I concentrations in the blood levels [32]. However, the RCTs by
Flier et al. in 2010 [33] and Wasowicz M et al. in 2018 [34] only detected limited evidence of
cardiac protection. Soukup et al. [29], Steurer et al. [30] and others did observe these organ
protective effects in other organs, such as the brain, lung, liver and bowels in their studies
published between 2003 and 2014 [35–40]. In reviews by Jerath et al. and O’Gara et al. in
2016 and an RCT by Jabaudon et al. in 2017, attributed these organ protective properties to
the anti-inflammatory effects of the volatile anesthetic agents and the reduced production
of pro-inflammatory markers and cytokines [41–43].

4.5. Potential Effects on Respiratory Functions

Volatile anesthetics can benefit injured alveoli and improve arterial oxygenation with
their anti-inflammatory properties, as demonstrated by several researchers, particularly
in patients with acute respiratory distress syndrome (ARDS). Steurer, M. et al., in their
randomized controlled trial (2012), reported an improvement in the oxygenation index
with sevoflurane sedation following cardiac surgery compared with propofol [30]. In a
prospective cross-over study (2009) by Migliari et al., an increase in arterial carbon dioxide
tension (PaCO2) was noted, which was only resolved by increasing the tidal volumes [22].

Meiser et al. [21] and Krannich et al. [44] both confirmed these beneficial respiratory
effects of the volatile anesthetics, but also recommended monitoring the PaCO2 levels
frequently. Jabaudon et al., in their RCT among patients with ARDS, also observed that
sevoflurane improved oxygenation and decreased epithelial injury when compared with
midazolam sedation.

Furthermore, Ruszkai et al., in their case report (2014), reported the successful man-
agement of a patient suffering from an acute attack of bronchial asthma with inhaled
sedation [45]. Blondonnet et al. designed a RCT and named it the SESAR trial (Sevoflu-
rane for Sedation in ARDS), which is currently investigating the efficacy of sevoflurane
compared to propofol, but the results are not yet available [46].

Finally, the effect of inhalation agents on the hypoxic pulmonary vasoconstriction
(HPV) response has been discussed by several reviewers. HPV physiological redirects
the blood flow from the non-ventilated hypoxic areas of the lung to other ventilated lung
alveoli, this helps to limit intrapulmonary shunting and optimize the ventilation/perfusion
(V/Q) ratio, which then minimizes the fall in arterial oxygen pressure (PaO2). Volatile
anesthetics, in a dose-dependent manner, can attenuate the HPV response far more than
intravenous sedatives. However, the administration of volatile anesthetics, between 0.5 to
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1.5 MAC, demonstrated only a mild effect because of their compensatory bronchodilator
and anti-inflammatory effects [47–49].

4.6. Renal Function under Inhaled Sedation

In a double-blinded, placebo-controlled, multicenter study (2003), Julier K et al. demon-
strated the sevoflurane renal protective effect among cardiac patients following cardiac
bypass surgery [35]. Röhm et al. also noted, in a prospective, randomized, single-blinded
study (2009), that the renal integrity remained unchanged, despite the increase in the
inorganic fluoride blood levels [50]. Sedation with volatile anesthetics is characterized by
rapid pulmonary elimination which makes it suitable for patients with hepatic or renal
failure [51]. In a prospective controlled study (2014) by Perbet et al., they reported that,
despite the increase in the plasma fluoride levels during the 48-h inhaled sedation period,
they observed no signs of nephrotoxicity [52]. Mesnil et al., Meiser et al. and Jabaudon et al.,
and all reported no adverse effects with sevoflurane sedation [19,21,43]. In contrast, in-
travenous anesthetic/sedative agents depend on end-organ elimination, and this leads
to unpredictable pharmacokinetics, pharmacodynamics, and adverse outcomes. This can
range between delirium and life-threatening propofol infusion syndrome.

However, inhaled sedation is not without precautions; Muyldermans et al. described
a case in 2016 of partial nephrogenic diabetes insipidus that developed in a burned patient
following prolonged sedation with low expired fractions of sevoflurane [53]. They ad-
vised that anesthesiologists and intensivists should always be aware of this rare incidence
that can develop with sevoflurane, whether used for general anesthesia or for inhaled
sedation, particularly following prolonged surgery or sedation. L’Heudé et al. also de-
scribed similar findings in their retrospective study (2019). They encountered the rare
development of nephrogenic diabetes insipidus (NDI) with the prolonged exposure to
high-doses of sevoflurane. They recommended that these clinical findings need to be better
investigated via future prospective studies [54]. Jerath A et al. demonstrated, in a pilot
randomized controlled trial (2020), that isoflurane sedation increases the levels of serum
fluoride concentrations in the blood, but without any significant reduction in the renal
functions [55].

4.7. Enhancing Recovery and Cognitive Functions

In a small randomized controlled trial, Mesnil et al. demonstrated that long-term
sedation with inhaled sevoflurane, compared to propofol, did reduce the wake-up time,
extubation time and post-extubation morphine consumption [19]. Their results are in accor-
dance with the studies by Meiser et al., Soukup et al., and Sackey et al. [19,29,56] and supported
by Jerath et al. and Landoni et al.’s systematic reviews and meta-analysis [10,57]. However,
no significant differences could be detected in terms of the hospital/ICU durations of stay.
Hellström et al., in another randomized controlled clinical trial in 2012, confirmed that a
significant reduction in the wake-up time post-cardiac surgery was observed with sevoflu-
rane sedation vs. propofol [58]. Foudraine et al. added, in an observational propensity
score-matched study (2021), that the delirium incidence was reduced among post-cardiac
arrest patients when sevoflurane sedation was combined with targeted temperature man-
agement [59]. In another study, by Hanafy et al., that included 24 post-cardiac surgical
patients, they found that the time to be extubated with isoflurane sedation was significantly
shorter compared to midazolam sedation [60].

4.8. Air Pollution Risk

Strategies to minimize the individual exposure to air pollution with inhaled sedatives
vary between countries. Exposure to low concentrations of volatile anesthetic agents, as
measured by passive dosimeter scan, can only be achieved through improvements in
hospital ventilation, scavenging systems and reducing exposure time to less than 8 h. Many
countries do not have a time limit for exposure. Herzog-Misery et al. (2018) reviewed
the effects on occupational health and presented strategies to minimize exposure and
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pollution [61]. Sackey et al. reported, in a prospective observational study (2005), that
isoflurane levels in the air were less than the recommended international exposure limits
when AnaConDa was in use [62]. Both Herzog-Niescery J et al. and Sackey et al., in their
observational studies, recommended that an effective air conditioner, with at least 6–8 air
changes per hour, is essential if room pollution is to be minimized. Migliari et al. and
Accorsi et al. stated that sevoflurane concentrations in the air should not exceed the limit
defined by the National Institute for Occupational Safety and Health in USA (2 ppm).
Few studies looked into and identified the medical side effects that can develop from the
prolonged exposure to the inhaled anesthetic agents [22,63].

The air-pollution and global warming risks from volatile anesthetics are well known.
The fact that inhaled anesthetics are greenhouse gases and/or ozone-depleting agents
emphasizes their contribution towards global warming.

Inhalation anesthesia agents undergo minimal metabolism and are eliminated, un-
changed, as waste gas with each exhalation. This leads to the pollution of the environment
and lasts for years. The air global warming effects of these gases have variable atmospheric
lifetimes depending on their carbon dioxide content. Varughese and Ahmed, in their
narrative review (2021), discussed the measures necessary to minimize the impact on the
environment by these volatile anesthetic agents [64]. They advised using well-maintained
ventilation and scavenging systems, coupled with the monitoring of the environmental air
concentrations, for these anesthesia agents.

The process of the handling and preparation of inhalation devices are considered
sources for volatile agent leakage, as reported by Alexander et al. in 2017. It is crucial to
consider the long-term and cumulative effects of the volatile agents in order to pursue
strategies to mitigate the associated risks to the environment.

Environmental pollution and the effect on the ozone layer by specific volatile anes-
thetics have a prolonged, lifetime effect. Specific volatile agents, such as Desflurane and
N2O, need to be reduced. The carbon dioxide equivalent of Desflurane is higher than that
of sevoflurane and isoflurane, which makes Desflurane not environment friendly [65,66].

The judicious use of the volatile anesthetics should only be indicated to selected groups
of ICU patients, where the benefits outweigh the risks.

The use of activated charcoal filters in the expiratory limb of the ventilator cycle will
help to reduce the degree of air pollution in the surroundings, but this method has its own
limitation and cost. ICU ventilators still require high oxygen and air mixture flows, which
mandates an increase in the volatile agent inspired percentage in order to stabilize the
inhaled concentration.

Another important recommendation to reduce leaks and environment pollution is
the adoption of a routine maintenance program that checks all of the equipment involved
in the process of inhaled sedation, this includes the scavenging system. Training and
educating both the operating rooms and ICU staff is also necessary. Herzog-Niescery J et al.
recommended that extra care is required with MIRUS, particularly during the process of
refilling, to reduce leaks and, hence, air pollution [67].

4.9. Is Sedation Depth Monitoring Essential?

Sedation depth varies one from patient to another. Individual variations can affect the
systemic hemodynamic, weaning and recovery. Orriach et al. (2013) and Jabaudon et al.
(2017) monitored sedation with the bispectral index (BIS) [32,43]. Romagnoli et al. adopted
the Richmond Agitation Sedation Scale (RASS), and they reported that the minimum
alveolar concentration (MAC) of the inhaled agents correlates negatively with the RASS
values [68]. Nitzschke et al. demonstrated, in their prospective, controlled, sequential
two-arm clinical study (2014), that BIS-guided sedation significantly reduced the sevoflu-
rane plasma concentration and rescue doses of noradrenaline during on-pump cardiac
surgery [69]. In a RCT (2015) by Sayed et al., the monitoring sedation depth among liver
transplant recipients, post-operatively, with the patient state index (PSI) helped to preserve
the systemic hemodynamics and enhanced recovery. The total consumed doses of sedatives
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guided by PSI were less than those guided by RASS [70]. In a prospective interventional
study (2020), Blanchard et al. demonstrated that the minimum alveolar concentration of
inhaled anesthetic agents (MAC) can be used as a sedative depth monitor. The increase
in MAC was in correlation with the decrease in the RASS values (r = −0.83, p < 0.001).
Monitoring the sedation depth preserves the spontaneous breathing activity and reduces
the need for muscle relaxants [71].

Applying the consensual/international recommendations on sedation is necessary,
and prioritizing the use of a score for sedation as a regular assessment tool is recommended
to reduce delirium and prevent ventilator patient dys-synchrony [72]. The authors of
this current review believe in the multi-modal monitoring approach and the respect of
individual variations.

4.10. Which Inhalation Agent(s) Should Be Used?

Isoflurane was reported by several experienced research groups as their preferred
inhalation agent. Isoflurane is cheaper and more potent than sevoflurane. The potency
of Isoflurane allows the consumption of lower drug volumes, reduces the cost, and is
currently approved for the sedation of ICU patients in Europe [23]. Inhalation anesthetics
are metabolized at varying degrees. Sevoflurane, Isoflurane and Desflurane are metabolized
by the liver, at rates of 2–5%, 0.2% and 0.02%, respectively. Sevoflurane has been associated
with some cases of reversible polyuria when used at high doses and for prolonged durations.
Desflurane requires pressurized vaporizers. The MIRUS device can provide inhalation
sedation with isoflurane, sevoflurane and desflurane. However, Sedaconda can only be
used with Isoflurane and Sevoflurane [23,56].

4.11. Which Patients Could Be the Best Candidates for Inhaled Sedation?

Patients receiving intravenous sedatives for prolonged durations may benefit from
an alternative sedative technique, such as inhaled sedation, which is characterized by a
very low metabolism. This approach would allow time for the accumulated intravenous
sedatives and opioids to be metabolized and cleared. Critically ill patients under mechan-
ical ventilation can benefit from inhaled sedation to facilitate weaning, as it reduces the
requirement of opioids and neuromuscular drugs. Elderly patients may also benefit from
volatile anesthetics as they can preserve the cognitive functions and reduce the incidence of
delirium compared to other intravenous sedatives. Post-cardiac arrest patients are consid-
ered good candidates. Foudraine et al. reported decreased delirium and reduced hospital
stay when sevoflurane sedation was combined with a targeted temperature management
in post-cardiac arrest patients [59]. In a retrospective study from Hellstrom et al. that
included 12 post-cardiac arrest patients, isoflurane sedation allowed for early neurologic
assessment [73]. Krannich et al. (2017) also suggest that inhaled sedation could specifically
benefit cardiac arrest survivors [44].

Patients who require deep sedation to facilitate ventilator synchronization in prone
positioning, such as critically ill COVID-19 patients, are good candidates for inhaled seda-
tion [12,17,74]. However, Becher T et al. conducted a multicenter randomized controlled
trial (2022) and observed less pronounced improvements in the oxygenation index and
V/Q mismatching in patients with (ARDS) and acute hypoxemic respiratory failure (AHRF)
in the isoflurane group compared to IV sedation with propofol. The authors attributed
this difference in the results from the previous studies to the fact that Isoflurane has fewer
organ-protective properties than Sevoflurane [75].

4.12. Prolonged Inhalation Sedation Pros and Cons?

Critically ill patients who are expected to be sedated for a prolonged duration on
mechanical ventilators will require daily wake up trials in order to reduce the duration of
ventilation and enhance the return of spontaneous breathing. In their clinical trial (2004),
Sackey et al. found that prolonged isoflurane sedation >12 h was safe and possessed a
low risk of drug accumulation compared to other intravenous sedatives [76]. Inhaled

281



J. Clin. Med. 2023, 12, 1069

anesthetics had also been recommended by Redaelli et al. in 2013 for the sedation of
ventilator-dependent ICU patients and for those with drug abuse or with severe ARDS in
need for long periods of sedation and paralysis [77]. Gallego et al., in a comparative study
(2014), looked into the renal and hepatic integrity following long-term sevoflurane sedation
among animals. They came to the conclusion that neither sevoflurane nor propofol had
any negative effects on the renal or hepatic functions following prolonged exposure [78].

Prolonged sedation (>24 h) with inhaled sevoflurane was reported by Mesnil et al., in
their (RCT) (2011), as an effective alternative for propofol or midazolam. They also noted
an enhanced recovery and reduced analgesics consumption with sevoflurane [19].

In another recently published RCT (2023), by Soukup and his colleagues, the sedated
ICU patients in their trial with sevoflurane (>48 h) required less opioids and less time to
breath spontaneously when compared to the propofol-based sedation regime. Based on
this RCT, sevoflurane could be considered safe for long-term sedation and non-inferior to
propofol [28].

The risk–benefit analysis is always important prior to initiating an alternative method
for sedation. The refractory status epilepticus and status asthmaticus are two examples of
short and early clinical indications for inhaled sedation, where the benefits outweigh the
risks. However, this should not be the case with elderly, critically ill patients or patients
with brain trauma who are highly susceptible to neurotoxicity. The theoretical concern
of compound A and fluoride nephrotoxicity was investigated and could be linked to
prolonged sevoflurane sedation. Inhalation sedation as an alternative method, if practiced
in a judicious way, should be associated with reduced cognitive dysfunction (POCD). More
research in this field is still required [79,80].

4.13. Practical Aspects and Clinical Application

The lack of familiarity in practicing inhaled sedation is a major obstacle that needs to be
addressed. Training and awareness about the benefits of inhaled sedation as an alternative
to intravenous sedation among intensivists represents the main challenge, particularly in
countries where the intensive care training track is separated from the anesthesia training
track. Furthermore, sufficient studies of a RCT nature are required to compare inhalation
sedation to intravenous sedation. Other obstacles facing the application logistics of volatile
anesthesia need to be addressed inside each hospital.

4.14. What Are the Other Obstacles and Precautions with Inhaled Sedation Practice?

ICU vaporizer SedaConda-ACD is cheaper than the MIRUS, but requires additional
monitors for the inhaled and expired anesthetic agent’s concentrations. This is usually not
available in ordinary ICU settings and varies between countries.

ARDs patients with severe pulmonary disease require high minute volumes, which
could be a challenge during inhalation sedation. Increasing the tidal volumes may take
care of the dead space effects of volatile agent devices; however, in ARDS, such as patients
who suffer from high dead spaces as a result of a very high VQ mismatch, this might
be difficult. In this situation, volatiles should be delivered at high minute ventilation
(15–25 L/min) by an anesthesia machine or by an ICU ventilator that is coupled with
a miniature vaporizer. The increase in the minute ventilation requires that the volatile
anesthetics infusion rate needs to be increased hand to hand in order to keep the volatile
agents’ end tidal concentrations constant [81–83].

Finally, the availability and cost of ACD in many countries around the world, par-
ticularly in developing countries, remains a challenge that needs to be addressed by
the manufactures.

5. Conclusions

There is growing evidence from the published literature in support of volatile anes-
thetic agents as sedatives for mechanically ventilated ICU patients, but in specific clinical
situations. The refractory status epilepticus, status asthmaticus and patients with hepatic
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or renal impairment are among those specific indications, as the benefits outweigh the
risks. Several studies have demonstrated their cardio-protective, anti-inflammatory and
bronchodilator properties, alongside their minimal metabolism. Inhaled sedation reduces
the time of mechanical ventilation and lowers opioid consumption, as well as enhancing re-
covery and weaning from ventilators. Providing intermittent periods of inhaled sedation as
an alternative to a prolonged intravenous sedative regime will provide time for the body to
metabolize and excrete the accumulated intravenous sedatives and their active metabolites.

Indications for inhaled sedation should be set upon by each ICU team, according to
the patient’s needs and the training of the staff. More clinical RCTs to compare inhalation
sedation to intravenous sedation are needed. Developing strict measures to reduce the
effect of volatile anesthetics on the environment is essential to avoid any harm.
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Abstract: A steep Trendelenburg (ST) position combined with pneumoperitoneum may cause al-
terations in cerebral blood flow with the possible occurrence of postoperative cognitive disorders.
No studies have yet investigated if these alterations may be associated with the occurrence of post-
operative cognitive disorders. The aim of the study was to evaluate the association between an
increased middle cerebral artery pulsatility index (Pi), measured by transcranial doppler (TCD)
1 h after ST combined with pneumoperitoneum, and delayed neurocognitive recovery (dNCR) in
60 elderly patients undergoing robotic-assisted laparoscopic prostatectomy (RALP). Inclusion criteria
were: ≥65 years; ASA class II–III; Mini-Mental Examination score > 23. Exclusion criteria were:
neurological or psychiatric pathologies; any conditions that could interfere with test performance;
severe hypertension or vascular diseases; alcohol or substance abuse; chronic pain; and an inability to
understand Italian. dNCR was evaluated via neuropsychological test battery before and after surgery.
Anesthesia protocol and monitoring were standardized. The middle cerebral artery Pi was measured
by TCD, through the trans-temporal window and using a 2.5 MHz ultrasound probe at specific time
points before and during surgery. In total, 20 patients experiencing dNCR showed a significantly
higher Pi after 1 h from ST compared with patients without dNCR (1.10 (1.0–1.19 95% CI) vs. 0.87
(0.80–0.93 95% CI); p = 0.003). These results support a great vulnerability of the cerebral circulation to
combined ST and pneumoperitoneum in patients who developed dNCR. TCD could be used as an
intraoperative tool to prevent the occurrence of dNCR in patients undergoing RALP.

Keywords: transcranial doppler; postoperative cognitive dysfunction; robotic-assisted prostatectomy

1. Introduction

It is known that a steep Trendelenburg (ST) position, especially when combined with
pneumoperitoneum, can cause alterations of brain regulatory mechanisms [1] that, in
elderly patients, may lead to the onset of postoperative cognitive dysfunction (pCD) [2].
At present, there are no studies investigating the possible relationship between changes in
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cerebral blood flow, caused by ST combined with pneumoperitoneum, and the occurrence
of postoperative cognitive disorders.

Transcranial Doppler (TCD) ultrasonography allows repeated, non-invasive investiga-
tions of rapid changes in intracerebral perfusion by assessing middle cerebral artery flow.
The most commonly used hemodynamic index is the Gosling pulsatility index (Pi) [3] which
has traditionally been interpreted as a descriptor of non-invasive intracranial pressure (ICP)
in brain injury as well as in the normal brain [4,5].

The main objective of this study was to evaluate the association between a higher Pi at
1 h from the onset of ST combined with pneumoperitoneum and the occurrence of delayed
neurocognitive recovery (dNCR). The association between dNCR and emergence agitation
(EA) or postoperative delirium (POD) was also explored.

2. Materials and Methods

This single-center, prospective study was approved by the local Institutional Ethic
Committee (ID 1781). Written informed consent was obtained from each patient before the
study. All patients scheduled for robotic-assisted laparoscopic prostatectomy (RALP) were
screened for enrolment. Patients aged ≥65 years with an ASA physical status classification
class II–III and a Mini-Mental Examination (MMSE) score (corrected for age and educational
level) of >23 were included. Patients who refused to participate, with known neurological or
psychiatric diseases, under chronic psychiatric drugs or other conditions that could interfere
with test performance (e.g., blindness and deafness), a history of severe hypertension, a
significant carotid or cerebral vascular disease, alcohol or substance abuse, chronic pain,
and an inability to understand the Italian language were excluded.

2.1. Anesthesia Protocol

All patients underwent standard monitoring: electrocardiogram, non-invasive arterial
blood pressure, pulse oximetry, expiratory gas concentration, bispectral index (BIS), and
diuresis. Anesthesia was induced with fentanyl 3 μg/kg, propofol 2 mg/kg, whilst tracheal
intubation was facilitated by the administration of rocuronium 0.6 mg/kg. Anesthesia
was then maintained with Sevoflurane adjusted according to the BIS value which was
kept between 40 and 60. All patients were mechanically ventilated with a tidal volume
of 7 mL/kg and the respiratory rate was adjusted to maintain the carbon dioxide end-
tidal between 35 and 45 mmHg. Rocuronium 0.15 mg/kg was then repeated in order to
keep a deep neuromuscular block (Post Tetanic Count ≤ 2). For intraoperative analgesia,
remifentanil was administered in continuous infusion at concentrations varying from
0.05 to 0.25 mcg/kg/min, depending on heart rate and mean arterial pressure variations.
Balanced solutions were administered at 1–5 mL/kg/h intraoperatively and 1000 mL for
24 h postoperatively.

After prostate removal, remifentanil infusion was stopped and a 2 mL/h elastomeric
pump with Tramadol 400 mg in 48 mL of 0.9% NaCl solution was started [6]. For all
patients, before extubation, Paracetamol 1 gr and Ketorolac 30 mg were administered.

Boluses of morphine (0.03 mg/kg; maximum dose 10 mg) were used to treat post-
operative pain in the recovery room (RR), while intravenous Tramadol 100 mg was the
rescue dose therapy for pain control during ward stay and was administered if the Numeric
Rating Scale (NRS) value was ≥5. All patients received Paracetamol 1 gr every 8 h for the
first 24 h after surgery.

2.2. Data Collection and Measurements

(1) For the diagnosis of dNCR, the following tests were performed on the day before
surgery and on the 2nd day postoperatively: the Rey Auditory Verbal Learning Test
(RAVLT), the Raven’s Progressive Matrices test, the trail-making test (part A and part
B), the Clock drawing test, a phonemic and semantic verbal fluency test, and the
Rey–Osterrieth complex figure test (ROCF). dNCR (dichotomous variable) was di-
agnosed in the individual patient when there was a postoperative decrement of
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≥1 standard deviation (SD) (of the whole group at baseline) in a single test and
no improvement (score ≥ 1 SD) in the other tests [7]. An improvement in a test
score—between the first and the second assessment—smaller than 1 SD of the whole
group at baseline was interpreted as a consequence of the practice effect [8].

(2) The onset of POD was assessed by the Confusion Assessment Method (CAM). CAM
was administered in the RR and daily until discharge [9].

(3) Anxiety and depression were also assessed on the day before surgery using the State-
Trait Anxiety Inventory (STAI) [10] and the Beck Depression Inventory Second Edition
(BDI-II) [11], respectively.

(4) During surgery, mean blood pressure, heart rate, BIS, carbon dioxide end-tidal, and
pneumoperitoneum-pressure values were recorded (when applicable): before (T1)
and after (T2) the induction of anesthesia; thirty minutes (T3) and one hour after
the start of ST combined with pneumoperitoneum (T4); before ST removal (T5); ten
minutes after the end of ST and pneumoperitoneum before waking up (T6). ST, a
position used routinely during RALP, involves lowering (by 45 degrees) the top of
the operating table from the head side and maintaining this position for almost the
entire duration of the surgery. Pneumoperitoneum pressure was applied immediately
before ST application and maintained at values < 12 mmHg.

With appropriate equipment (Hitachi) and a 2.5 MHz ultrasound probe, the Trans
Cranial Doppler (TCD) was performed through the trans-temporal window—located in
the middle point between the tragus and the external angle of the ipsilateral eye—at all the
time points listed above. The middle cerebral artery (MCA) which is located approximately
30–60 mm deep, and its flow, approaching the probe, appears as a positive wave. Pi was
measured according to Gosling’s method [12]. Resistivity index (Ri) was also assessed [11].

(5) Pain was assessed using NRS ranging from 0 with no pain to 10 with the worst pain
ever felt at the following times: at the patient’s arrival in the recovery room, and after
1, 2, 8, 12, 24 and 48 h.

(6) The 36-Item Short Form Health Survey (SF-36) was assessed on the day before surgery
and on the 2nd day postoperatively [13].

The following data were also recorded: demographic parameters (age, Body Mass
Index, years of education); risk stratification variables (ASA physical, status, Charlson
Comorbidity Index); duration of surgery and anesthesia; amount of infused balanced
solution; ST duration; diuresis; remifentanil consumption; morphine use in the recovery
room and tramadol administration in the ward and hospital stay.

2.3. Statistical Analysis

The a priori power analysis for the calculation of the sample size was based on
differences between means (power analysis with Student’s unpaired t-test) and performed
with G*Power 3.1.5 software. Considering a 25% incidence of dNCR and a 50% difference
in Pi after pneumoperitoneum + ST between patients with and without dNCR (effect size
d = 1), a minimum of 52 patients was considered necessary by calculating an allocation
ratio of 4/1 for a two-tailed test with β = 0.80 and α = 0.05. A total of 60 patients were
foreseen for enrolment to deal with any dropouts.

Clinical and demographic characteristics were indicated using descriptive statistics.
Quantitative variables were described using the mean and a 95% confidence interval (CI).
The qualitative variables were summarized using absolute values. The t-test for continuous
variables and Yates corrected chi-square for dichotomous or discrete variables were used to
evaluate the differences between patients with and without dNCR. Furthermore, repeated
measures ANOVA with Bonferroni correction was performed for variables assessed at
different times. Logistic regression was used to identify possible dNCR predictors, includ-
ing only variables significant at univariate analysis. The cut-off of significant predictors
was calculated using non-parametric ROC (Receiver Operating Characteristic) analysis
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and establishing a sensitivity ≥ 0.8. The data were analyzed using the Statistica software
(version 8.0) or STATA (version 14.0).

3. Results

Sixty-three patients were assessed for eligibility, three of whom were excluded for the
reasons shown in Figure 1 and sixty were finally enrolled. Patients’ characteristics and
intraoperative data are shown in Table 1. No differences were found for demographic and
anesthesia/surgery variables (Table 1).

Figure 1. Study diagram flow with the description of study design. ST, steep Trendelenburg; Pi,
pulsatility index; EA, emergence agitation; CAM, Confusion Assessment Method; RR, recovery room.
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Table 1. Main pre-, intra-, and postoperative parameters in patients with and without dNCR. Values
are means (95% confidence intervals) or numbers. BMI: Body Mass Index; ASA: American Society
of Anesthesiologists physical status classification; CCI: Charlson Comorbidity Index; MMSE: mini-
mental state examination score corrected for age and educational level; STAI: State-Trait Anxiety
Inventory; Y1: state anxiety; Y2: trait anxiety; BDI-II: Beck Depression Inventory Second Edition;
ST: Steep Trendelenburg; I.O.: intraoperative; P.O.: postoperative; EA: emergence agitation; POD:
postoperative delirium.

Patients without dNCR
(n = 40)

Patients with dNCR
(n = 20)

t or χ2 (df) p

Age, years 69.6 (68.6–70.6) 70.6 (68.4–72.6) −1.04 (58) 0.30

BMI, kg/m2 26.2 (25.3–27.2) 25.7 (24.4–27.0) 0.72 (58) 0.47

ASA, II/III 38/2 19/1 0.39 (2) 0.53

CCI 4.6 (4.3–4.8) 4.7 (4.3–5.0) −0.63 (58) 0.53

MMSE 25.3 (24.2–26.5) 26.0 (25.5–26.4) 1.28 (58) 0.21

STAI-Y1 34.7 (30.8–38.6) 35.5 (30.2–40.8) −0.24 (58) 0.80

STAI-Y2 31.3 (29.4–33.2) 33.1 (29.0–37.3) −0.93 (58) 0.35

DBI-II 7.6 (5.9–9.4) 8.7 (5.4–12.0) −0.67 (58) 0.50

Balanced solution, ml 620.0 (535.8–704.2) 605.0 (448.1–761.9) 0.19 (58) 0.85

Surgery duration, min 178.1 (162.7–193.6) 176.8 (158.0–195.7) 0.10 (58) 0.92

Anesthesia duration, min 207.2 (190.8–223.6) 208.2 (188.2–228.2) −0–07 (58) 0.94

ST duration, min 145.3 (132.1–158.5) 150.1 (134.2–165.9) −0.44 (58) 0.66

Diuresis, ml 234.7 (200.7–268.8) 303.0 (208.7–397.3) −1.72 (58) 0.09

I.O. Remifentanil, mcg 745.5 (621.9–869.1) 984.7 (708.6–1260.9) −1.89 (58) 0.06

P.O. Morphine, Yes/No 5/35 4/16 0.15 1) 0.70

P.O. Tramadol, Yes/No 13/27 6/14 0.01 (1) 0.92

EA, Yes/No 5/35 6/14 1.68 (1) 0.19

POD, Yes/No 0/40 3/17 3.55 (1) 0.03

Hospital stay (days) 5.1 (4.7–5.5) 5.7 (4.4–6.9) −1.06 (58) 0.29

Of the 60 enrolled patients, 11 experienced emergence agitation upon awakening in
the operating room, 3 had POD in the recovery room, and 20 patients were diagnosed with
dNCR by the assessment on the 2nd postoperative day (n = 17).

All three patients who experienced POD were subsequently diagnosed with dNCR,
showing a statistically significant association between POD and dNCR (p = 0.03).

The ANOVA results showed a significant effect of the Group per Time interaction
(F (5290) = 2.35; p = 0.04) for Pi. In the group of patients with dNCR, a significantly higher
Pi at t4 was found compared with patients without dNCR (1.10 (1.0–1.19 95% CI) vs. 0.87
(0.80–0.93 95% CI); p = 0.003) (Figure 2). The increase in Pi at 1 h after ST compared to the
values after anesthesia induction was significantly higher in the dNCR group (0.12 ± 0.25
vs. −0.05 ± 0.15; t: −3.34; p = 0.008). The other variables measured during (mean arterial
pressure, heart rate, end-tidal CO2, BIS, pneumoperitoneum) and after anesthesia including
NRS (see Figures S1–S6 (Supplementary Materials)), as well as morphine and tramadol
consumption (see Table 1), were comparable between the two groups. While the ANOVA
showed a significant effect of the interaction Group per Time (F (1290) =3.00; p = 0.01) for
Ri (see Figure S7), no significant differences were found between the two groups at post
hoc analyses. Logistic regression showed that Pi at 1 h after ST (p = 0.002) was a predictor
of dNCR (Likelihood Ratio chi2 = 13.26; p = 0.003). Moreover, a Pi of 0.9 was identified as
the determinant cut-off for dNCR (sensitivity = 80.0%; specificity = 65.0%; AUC: 0.76).
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Figure 2. Pulsatility index (Pi) at different time points: baseline (T1), after the induction of anesthesia
(T2); 30 min after the start of the Trendelenburg position (T3); one hour from the start of ST (T4),
before ST removal (T5); before waking up, ten minutes after the end of ST (T6). Vertical bars denote
95% CI.

The significantly altered neuropsychological tests after surgery were the Rey Auditory
Verbal Learning Test (RAVLT) and the Rey–Osterrieth complex figure (ROCF) test recall
(see Table 2).

Table 2. Neuropsychological tests (difference between postoperative and preoperative values) in
patients with and without dNCR. RAVLT, Rey Auditory Verbal Learning Test; stm, short-term
memory; ltm, long-term memory; re, recency effect; PPMT, Raven’s Progressive Matrices test; TMT,
trail making test; CDT, clock drawing test; pVFT, phonemic verbal fluency test; sVFT, semantic verbal
fluency test; ROCF, Rey–Osterrieth complex figure test. Values are means (95% confidence intervals).

Patients without dNCR
(n = 40)

Patients with dNCR
(n = 20)

t (df = 58) p

RAVLT, stm 1.3 (0.6–2.1) 0.1 (−0.8–1.0) 2.03 0.04

RAVLT, ltm 4.2 (3.2–5.1) 1.4 (−0.2–3.1) 3.19 0.002

RAVLT, re 1.5 (0.9–2.2) −0.4 (−1.3–0.5) 3.55 0.0007

RPMT −0.01 (−0.8–0.8) 0.09 (−1.3–1.5) −0.14 0.89

TMT-A 8.7 (−1.8–19.2) −4.8 (−20.1–10.3) 1.51 0.14

TMT-B 3.7 (−13.6–21.0) −2.6 (−30.3–25.1) 0.41 0.68

CDT −0.3 (−0.6–0.01) 0.05 (−0.6–0.7) −1.12 0.27

pVFT 0.6 (−1.2–2.5) −0.14 (−3.4–3.1) 0.46 0.65

sVFT 0.8 (−0.5–2.2) 0.16 (−1.5–1.9) 0.63 0.53

ROCF, copy −2.8 (−5.2–−0.4) −3.5 (−5.5–−1.6) 0.41 0.68

ROCF, recall 4.6 (3.0–6.3) 1.2 (−0.9–3.2) 2.60 0.01
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As regards health status, there was a significant reduction in both “Emotional Well-
being” (p < 0.0001) and “Energy-Fatigue” (p = 0.0008) items on the 2nd day postoperatively
compared to basal values (before surgery) only in patients with dNCR. Moreover, the
“Emotional well-being” item was significantly lower in patients with dNCR compared to
those without dNCR (p = 0.028) (see Table S1).

4. Discussion

Our results show that one-third of the population studied was diagnosed with dNCR.
These data are confirmed in the literature which shows a higher incidence in elderly
patients [14]. In this study, we found a statistically significant association between a higher
value of Pi one hour from the start of ST combined with pneumoperitoneum and the
onset of dNCR. Pi measured at this time point was chosen as the main variable as we
hypothesized that time length in ST contributes to altering cerebral hemodynamics.

The combination of pneumoperitoneum and ST can increase ICP as proven by ultra-
sonographic measurement of Pi [1] or optic nerve sheath diameter [15]. In our study, the
increase in Pi 1 h after ST compared to that after anesthesia induction (before the application
of ST and Trendelenburg) was significant in patients with dNCR, reinforcing this interpre-
tation. Kalmar et al., also hypothesized that venous congestion due to Trendelenburg was
the main determinant of the increase in ICP [16].

Based on our results, Trendelenburg degrees could be reduced until the Pi drops
below the cut-off of 0.9. Maintaining a stable ultralow pneumoperitoneum pressure using
a valveless insufflation system could be another possible protective strategy to avoid the
occurrence of dNCR [17].

The association between cerebral hemodynamics and cognitive outcome after anesthe-
sia has been poorly investigated. Chen et al., indirectly measured the ICP during RALP
through the variation of the ONSD and found a potential indirect link between the increase
in ICP during the combination of pneumoperitoneum and ST and the onset of short-term
cognitive disorders [2]. However, Chen et al., reported, among the limitations of their
study, the use of MMSE [2], which is a screening test for of evaluating cognitive impairment
in older adults while dNCR needs a battery of more specific tests to be diagnosed [7].
On the contrary, Goettel et al. and Kim et al. [14] showed that impaired intraoperative
cerebral autoregulation seems not to be predictive of dNCR in elderly patients after major
non-cardiac surgery [18].

The relationship between the increase in ICP determined by ST and pneumoperi-
toneum with dNCR has never been systematically investigated. However, one of the
pathophysiological hypotheses of pCD concerns cerebral hypoperfusion during surgery.
This variation could be the epiphenomenon of a greater vulnerability of these patients to the
venous congestion caused by ST with consequent hypoperfusion and reduced metabolic
oxygen supply. However, brain oxygenation was not measured in our study, thus this
cause–effect relationship cannot be confirmed.

Moreover, a previous review on the onset of pCD in non-cardiac surgery highlighted
that the correlation between pCD and intraoperative cerebral hypoxemia is not so strong
and more limited to inflammatory mediators triggered by stress caused by anesthesia,
surgery, and hospitalization [19]. The inflammation mediators could also have had an
essential role in dNCR pathophysiology in our study due to a possibly elevated permeability
of the blood–brain barrier in patients with dNCR [20]. Thus, the concomitant increase in
ICP with consequent stasis at the cerebral level in susceptible patients could have facilitated
the entrance of cytokines in the brain during surgical stress causing neuroinflammation.

Among the other risk factors for the onset of postoperative cognitive disorders, mon-
itoring of the depth of anesthesia was discussed in several papers as a preventive mea-
sure [21,22]. Chan et al., have shown that a guided BIS anesthesia reduced the occurrence
of both short and long-term pCD and POD [23]. Similarly, Kotekar et al., argued that
intraoperative monitoring of the depth of anesthesia, especially in older patients, can help
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reduce the onset of pCD [24]. However, in our study, the mean BIS did not differ between
patients with and without dNCR.

An important limitation of the study is the lack of long-term follow-up to assess either
the persistence of cognitive dysfunction or the impact of pCD on quality of life over time.
It would be interesting for future studies to investigate if these changes may also occur in
long-lasting surgeries such as robotic cystectomy.

Another limitation is that Pi was considered an indirect index of the ICP, even if this
issue deserves further investigation. However, the absence of significant differences in Ri
between patients with and without dNCR in our study could confirm that, when compared
with the PI, the RI index is less sensitive to ICP variations [25]. Moreover—even though
expired CO2 did not show significant changes—we cannot exclude an influence of the
PaCO2 increase during pneumoperitoneum [26] on Pi, which may increase in response
to hypercapnia.

In conclusion, the most relevant result of this study is the association between the
increase in Pi after one hour from ST under pneumoperitoneum and dNCR. These re-
sults support a great vulnerability of the cerebral circulation to the ST combined with
pneumoperitoneum in patients who develop dNCR. Even if further studies are needed to
confirm these findings, middle cerebral artery Pi could be used as a prognostic indicator of
an unfavorable cognitive outcome and constitutes a deterrent to modifying the periopera-
tive therapeutic strategy in patients with risk factors for dNCR. The findings of the present
study had relevant clinical implications for the chance to predict and prevent dNCR and
the consequent impairment in quality of life after surgery.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm12031070/s1, Figure S1: Numerical rate scale (NRS) for pain
in patients with dNCR (red line) versus patients without dNCR (blu line) at the following times:
at patient’s arrival in the recovery room (RR), after 1, 2, 8, 12, 24 and 48 h. Values are shown as
mean ± 95% confidence interval. Interaction F (Group per Time) is shown. dNCR, delayed neurocog-
nitive recovery; Figure S2: Mean arterial pressure (MAP) in patients with dNCR (red line) versus
patients without dNCR (blu line) at the following times: before (T1) and after (T2) the induction of
anesthesia; 30 min (T3) and one hour after the start of ST combined with pneumoperitoneum (T4);
before ST and pneumoperitoneum removal (T5); ten minutes after the end of ST and pneumoperi-
toneum before waking up (T6). Values are shown as mean ± 95% confidence interval. Interaction
F (Group per Time) is shown. dNCR, delayed neurocognitive recovery. ST, Steep Trendelenburg;
Figure S3: Heart rate in patients with dNCR (red line) versus patients without dNCR (blu line) at
the following times: before (T1) and after (T2) the induction of anesthesia; 30 min (T3) and one hour
after the start of ST combined with pneumoperitoneum (T4); before ST and pneumoperitoneum
removal (T5); ten minutes after the end of ST and pneumoperitoneum before waking up (T6). Values
are shown as mean ± 95% confidence interval. Interaction F (Group per Time) is shown. dNCR,
delayed neurocognitive recovery. ST, Steep Trendelenburg; Figure S4: End tidal CO2 (mmHg) values
in patients with dNCR (red line) versus patients without dNCR (blu line) at the following times:
after the induction of anesthesia (T2); 30 min (T3) and one hour after the start of ST combined with
pneumoperitoneum (T4); before ST and pneumoperitoneum removal (T5); ten minutes after the end
of ST and pneumoperitoneum before waking up (T6). Values are shown as mean ± 95% confidence
interval. Interaction F (Group per Time) is shown. dNCR, delayed neurocognitive recovery. ST, Steep
Trendelenburg; Figure S5: Bispectral index (BIS) in patients with dNCR (red line) versus patients
without dNCR (blu line) at the following times: before (T1) and after (T2) the induction of anesthesia;
30 min (T3) and one hour after the start of ST combined with pneumoperitoneum (T4); before ST
and pneumoperitoneum removal (T5); ten minutes after the end of ST and pneumoperitoneum
before waking up (T6). Values are shown as mean ± 95% confidence interval. Interaction F (Group
per Time) is shown. dNCR, delayed neurocognitive recovery. ST, Steep Trendelenburg; Figure S6:
Pneumoperitoneum pressure (mmHg) in patients with dNCR (red line) versus patients without
dNCR (blu line) at the following times: 30 min (T3) and one hour after the start of ST combined
with pneumoperitoneum (T4); before ST and pneumoperitoneum removal (T5). Values are shown
as mean ± 95% confidence interval. Interaction F (Group per Time) is shown. dNCR, delayed
neurocognitive recovery. ST, Steep Trendelenburg; Figure S7: Resistivity index in patients with
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dNCR (red line) versus patients without dNCR (blu line) at the following times: before (T1) and
after (T2) the induction of anesthesia; 30 min (T3) and one hour after the start of ST combined with
pneumoperitoneum (T4); before ST and pneumoperitoneum removal (T5); ten minutes after the end
of ST and pneumoperitoneum before waking up (T6). Values are shown as mean ± 95% confidence
interval. Interaction F (Group per Time) is shown. dNCR, delayed neurocognitive recovery. ST, Steep
Trendelenburg; Table S1: ANOVAs Group (dNCR vs No dNCR) × Time (T0 vs T1) on each item of
SF-36 (n = 60). T0 = Before surgery; T1 = After surgery (2nd day postoperatively). Values are shown
as mean (M) ± standard deviation (SD).
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Abstract: Increased von Willebrand Factor (vWF) activity mediates platelet adhesion and might be a
contributor to the development of thrombotic complications after surgery. Although in vitro studies
have shown that hyperoxia induces endovascular damage, the effect of perioperative supplemental
oxygen as a possible trigger for increased vWF activity has not been investigated yet. We tested our
primary hypothesis that the perioperative administration of 80% oxygen concentration increases
postoperative vWF activity as compared to 30% oxygen concentration in patients at risk of cardiovas-
cular complications undergoing major noncardiac surgery. A total of 260 patients were randomly
assigned to receive 80% versus 30% oxygen throughout surgery and for two hours postoperatively.
We assessed vWF activity and Ristocetin cofactor activity in all patients shortly before the induction
of anesthesia, within two hours after surgery and on the first and third postoperative day. Patient
characteristics were similar in both groups. We found no significant difference in vWF activity in the
overall perioperative time course between both randomization groups. We observed significantly
increased vWF activity in the overall study population throughout the postoperative time course.
Perioperative supplemental oxygen showed no significant effect on postoperative vWF and Ristocetin
cofactor activity in cardiac risk patients undergoing major noncardiac surgery. In conclusion, we
found no significant influence of supplemental oxygen in patients undergoing major non-cardiac
surgery on postoperative vWF activity and Ristocetin cofactor activity.

Keywords: von Willebrand factor; ristocetin; endothelial demage; noncardiac surgery

1. Introduction

Major surgery is an independent risk factor for the development of postoperative
thromboembolic events [1]. It has been shown that surgical trauma, anesthesia, intraopera-
tive hemodynamic and fluid perturbations, and perioperative inflammation are important
causes vascular endothelial damage [2]. This is an important fact, since the activation
of endothelial cells by damage leads to the expression of adhesion molecules including
P-selectin, E-selectin, and vWF [3,4]. Von Willebrand Factor (vWF) is a large multimeric
glycoprotein and a key component in hemostasis [5,6]. VWF is synthesized in megakary-
ocytes and endothelial cells and stored in Weibel–Palade bodies [7]. It is known that vWF
is a strong mediator for platelet adhesion, aggregation and thrombus formation, and more
importantly, increases significantly after surgery [8,9]. Therefore, increased vWF activity
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caused by activated endothelial cells might be one cause for the increased incidence of
postoperative thromboembolic events.

Previous studies indicated that hyperoxia induces endovascular damage [10–12].
In detail, it has been shown in in vitro studies that an oxygen concentration of 95% is
associated with the occurrence of DNA damage of endothelial cells and fibroblasts [12].
Although it is becoming more evident that supplemental oxygen has no effect on wound
healing or cardiovascular complications, a strong consensus about the most beneficial
concentration does still not exist [13–15]. Subsequently, intraoperative administered oxygen
concentration is still varying and mainly dependent on the attending anesthesiologists [16].
In this context, possible effects of perioperative supplemental oxygen on the integrity of
endothelial cells are clinically relevant; however, data from the perioperative setting are
still lacking.

Thus, we tested in this pre-planned secondary analysis of a prospective randomized
clinical trial the hypothesis that perioperative administration of 80% oxygen concentration
increases postoperative vWF activity as compared to 30% oxygen concentration in patients
at risk of cardiovascular complications undergoing major noncardiac surgery. We further
evaluated if supplemental oxygen increases postoperative Ristocetin cofactor activity.

2. Materials and Methods

This is a pre-planned secondary analysis of a double-blinded randomized clinical
trial that investigated the effect of supplemental oxygen on postoperative maximum N-
terminal pro brain natriuretic peptide (NT-proBNP) concentrations in patients at risk for
cardiovascular complications undergoing major noncardiac surgery [17]. The study was
conducted at the Medical University of Vienna according to the Declaration of Helsinki and
Good Clinical Practice. The study was approved by the local Institutional Review Board
and was registered at ClinicalTrials.gov (Registration number: NCT 03388957; Principal
Investigator: Prof. Dr. Edith Fleischmann; Date of registration: 2 December 2017) and
at the European Trial Database (EudraCT 2017-003714-68). This study was approved
by the University’s Ethics Committee (Ethikkomission Medizinische Universität Wien;
Borschkegasse 8b/6, 1090, Vienna, Austria; EK-Number 1744/2017; Chairperson Prof.
Martin Brunner) on 13 November 2017. We obtained written informed consent from all
patients before randomization. Inclusion and exclusion criteria and a detailed description
of our study protocol and the randomization procedure were published previously [17].

We recorded demographic data including age, sex, BMI, American Society of Anes-
thesiologists (ASA) physical status, comorbidities, long-term medication, type of surgery,
ABO blood type, and preoperative laboratory values from all patients. We further recorded
duration of anesthesia and surgery, fluid and anesthesia management, and intra- and
postoperative blood pressure. Blinded research personnel drew all study specific pre-
and postoperative blood samples. We assessed vWF activity, Ristocetin cofactor activity,
and static oxidation-reduction potential (sORP) in all patients shortly before induction of
anesthesia, within two hours after surgery and on the first and third postoperative day. We
further measured ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin
type 1 motif, member 13), an enzyme that cleaves vWF, before surgery in all patients.

Blinded research personnel obtained all data. All data were recorded and stored in the
data management system ‘Clincase’(v2.7.0.12, Berlin, Germany) hosted by IT Systems &
Communications, Medical University of Vienna, Vienna, Austria.

We included all patients who were enrolled into the main trial for this secondary
analysis. The study was originally planned for the main study outcome, the maximum
BNP value over the first 3 days. We re-estimated the sample size for this secondary analysis
based on previous results on vWF to get an evaluation of the available sample size. It was
shown previously that adverse cardiac events after noncardiac surgery were associated with
postoperative vWF activity of 150% ± 60% compared with postoperative maximum vWF
activity of 125% ± 50% in patients without postoperative cardiac events [18]. Therefore,
based on the aforementioned study, we assumed an absolute difference of 17% in postop-
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erative vWF activity as clinically meaningful. Using the given assumptions, a two-sided
t-test, we calculated that at least 123 patients per group are needed to detect a significant
difference between both groups at a significance level of 0.05 with 90% power. Thus, the
given sample size of 260 patients (130 patients per group) may be adequately powered.

Descriptive statistics (mean, standard deviation and quantiles) for vWF activity and
Ristocetin cofactor activity were calculated separately for each time point and the 80%
and 30% oxygen group. To investigate the difference in time course of vWF activity and
Ristocetin cofactor activity between both randomization groups, first linear regression
models for vWF activity and Ristocetin cofactor activity were performed accounting for
time, group and the interaction between time and group as fixed factor and patient as
random factor. Further, we used univariable linear regression models (with random factor
patient) for the possible influence factors including time as well as the baseline covariates
age, BMI, sex, ASA, history of coronary artery disease, peripheral artery disease, stroke,
heart failure, diabetes, hypertension, type of procedure (open versus laparoscopic), type of
surgery, ABO blood type, and preoperative ADAMTS13 and blood loss on perioperative
vWF and Ristocetin cofactor activity. All factors being significant (with a p < 0.05) in the
simple models where then included in a multivariable regression model (with random
factor patient). To evaluate a possible correlation between the perioperative trend of vWF
activity and oxidative stress—assessed via sORP measurements—we performed a linear
regression model for vWF as the dependent variable, accounting for time, sORP and the
interaction between time and sORP as well as patient as a random factor. All p-values < 0.05
were considered statistically significant. We used R.4.2.2 (SAS Institute, Cary, NC, USA)
and SAS 9.4 (SAS Institute, Cary, NC, USA) for statistical analysis.

3. Results

We present the analysis of 258 patients who were enrolled in our main trial between De-
cember 2017 and December 2019 at the Medical University of Vienna. A total of 130 patients
were randomly assigned to receive 80% oxygen throughout surgery and for two hours post-
operatively, and 130 patients were randomly assigned to receive 30% oxygen throughout
surgery and for two hours postoperatively. Two patients in the 80% group were excluded
from analysis because surgery was postponed. Thus, overall, 258 patients were analyzed.
Baseline characteristics as well as intra- and postoperative characteristics were published
previously and did not differ between the groups [19].

3.1. Primary Outcome

Descriptive statistics of vWF activity separately for each randomization group and
time are shown in Table 1. The perioperative trends of vWF activity for both study groups
are shown in Figure 1. We found no significant difference in vWF activity in the overall
perioperative time course between the 80% and the 30% oxygen groups (estimated effect:
0.297; 95% CI −4.154 to 4.749; p = 0.896). Furthermore, a significant difference between the
80% and 30% oxygen group was found at no time point (Table 1).

Table 1. Descriptive statistics for vWF activity and Ristocetin cofactor activity. VWF activity and
Ristocetin cofactor activity at each timepoint are presented as median (25th quartile; 75th quartile).
All p-values are for two-tailed Mann–Whitney U tests.

80% Oxygen 30% Oxygen p-Value

vWF activity, %
Baseline 156.5 [112.75; 212.5] 155.5 [119; 200.75] 0.78

2 h postoperative 211 [160; 274.5] 214 [163; 266] 0.85
Postoperative day 1 228 [180; 315.75] 219.5 [186; 279.5] 0.45
Postoperative day 3 244 [199.5; 302] 256 [193; 317] 0.82
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Table 1. Cont.

80% Oxygen 30% Oxygen p-Value

Ristocetin cofactor activity, %
Baseline 142.5 [113.75; 208.75] 152 [116.5; 199.5] 0.88

2 h postoperative 227.5 [164.25; 306.25] 247 [198; 315] 0.19
Postoperative day 1 255.5 [190; 359.75] 245 [201; 286] 0.56
Postoperative day 3 247.5 [199.25; 311] 270 [203.5; 340] 0.36

Figure 1. Time course for von Willebrand Factor activity. Mean values (dots) and standard deviations
(vertical lines) for vWF separately for time and the 30%-group (black) as well as the 80%-group (red).
The blank dots give the values of the observed individuals, separately for the two groups.

We observed significantly increased vWF activity in the overall study population over
time (p < 0.001) as compared to baseline. vWF activity increased on average by 19.264 (95%
CI 17.040 to 21.488) per day.

3.2. Secondary Outcome: Ristocetin Cofactor Activity

Descriptive statistics of Ristocetin cofactor activity separately for randomization group
and time are shown in Table 1.

We found no significant difference in Ristocetin cofactor activity in the overall periop-
erative time course between the 80% and the 30% oxygen groups (estimated effect: 1.003;
95% CI 20.500 to 32.528; p = 0.818). Furthermore, a significant difference between the 80%
and 30% oxygen group was found at no time point (Table 1).

We observed significantly higher Ristocetin cofactor activity in the overall study
population over time (p < 0.001) as compared to baseline. On average, Ristocetin cofactor
activity increased by 26.969 (95% CI 22.954 to 30.984) per day.

3.3. Analyses of Possible Confounding Factors
3.3.1. Von Willebrand Factor Activity

Significantly higher postoperative vWF activities were observed for females as com-
pared to males (p = 0.044) for patients with a history of peripheral artery disease (p = 0.036),
patients with a blood type other than O (p < 0.001), and patients with pancreatic surgery
(p < 0.001) in the univariable model. Patients undergoing renal surgery (p = 0.002) or
prostatectomy (p = 0.012) had significantly smaller vWF activity. Age, BMI, ASA, history
of coronary artery disease, stroke, heart failure, diabetes, hypertension or preoperative
ADAMTS13 or blood loss did not show evidence for an association with vWF activity.
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For all time points, patients with laparoscopic surgery showed lower postoperative vWF
activity as compared to open procedures (p < 0.001) (Table 2).

Table 2. Univariable regression models vWF. The estimated effect sizes, confidence levels (CL) and
p-values were calculated using univariable regression models. pre, preoperative; 2 h post, within
two hours after surgery; POD, postoperative day; BMI, body mass index; ASA, American Society of
Anesthesiologists.

Variable Comparison Effect Lower CL Upper CL p-Value

Time Overall Trend Test 19.264 17.040 21.488 <0.001
pre vs. 2 h post −46.672 −55.050 −38.295 <0.001
pre vs. POD 1 −62.434 −70.973 −53.894 <0.001
pre vs. POD 3 −80.874 −89.720 −72.028 <0.001

Time × Group Overall Trend Test 0.297 −4.154 4.749 0.896
Group 30% vs. 80% pre −2.964 −23.547 17.619 0.777

Group 30% vs. 80% 2 h post 0.099 −20.528 20.726 0.993
Group 30% vs. 80% POD 1 −11.570 −32.475 9.335 0.277
Group 30% vs. 80% POD 3 0.507 −20.852 21.866 0.963
Group 30% pre vs. 2 h post −48.180 −59.995 −36.365 <0.001
Group 30% pre vs. POD 1 −57.891 −70.157 −45.625 <0.001
Group 30% pre vs. POD 3 −82.617 −95.187 −70.048 <0.001

Group 80% pre vs. 2 h post −45.117 −57.009 −33.224 <0.001
Group 80% pre vs. POD 1 −66.497 −78.401 −54.584 <0.001
Group 80%: pre vs. POD 3 −79.146 −91.610 −66.682 <0.001

Type of surgery Laparoscopic vs. Open −48.264 −66.232 −30.297 <0.001

Time × Type
of surgery Overall Trend Test 1.523 −3.171 6.216 0.524

Liver Yes vs. No 10.534 −19.790 40.858 0.495

Colorectal Yes vs. No −11.296 −31.163 13.330 0.431

Pancreatic Yes vs. No 55.257 29.981 80.534 <0.001

Renal Yes vs. No −38.300 −62.435 −14.166 0.002

Prostatectomy Yes vs. No −36.031 −64.046 −8.017 0.012

Cystectomy Yes vs. No −17.482 −48.574 13.610 0.269

Gynecological Yes vs. No 27.488 −19.689 74.660 0.252

Other Yes vs. No 3.228 −26.021 32.477 0.828

Age 1.059 −0.134 2.252 0.082

BMI 0.301 −1.552 2.154 0.750

Sex Female vs. Male 19.584 0.561 38.607 0.044

ASA 3,4 vs. 1,2 15.168 −4.580 34.916 0.132

History of Coronary
Artery Disease Yes vs. No 2.912 −18.077 23.901 0.785

History of Peripheral
Artery Disease Yes vs. No 26.660 1.698 51.622 0.036

History of stroke Yes vs. No −2.287 −34.760 30.186 0.890

History of
Heart failure Yes vs. No 8.693 −26.490 43.875 0.627

Diabetes Yes vs. No −0.345 −20.530 19.839 0.973

History of
Hypertension Yes vs. No −26.494 −61.876 8.889 0.142

Blood type 0 vs. A,B,AB 51.242 32.961 69.523 <0.001
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Table 2. Cont.

Variable Comparison Effect Lower CL Upper CL p-Value

pre ADAMTS 0.002 −0.100 0.105 0.962

Type of surgery Laparoscopic vs. Open −48.264 −66.232 −30.297 <0.001

Blood Loss 0.007 −0.007 0.021 0.345

The factors time point, type of surgery, sex, history of peripheral artery disease,
blood type, pancreatic or renal surgery as well as prostatectomy were included in the
multivariable model. All parameters except renal surgery and prostatectomy remained
significant in the multivariable model (Table 3).

Table 3. Multivariable regression model vWF. The estimated effect sizes, confidence levels and
p-values were calculated using multivariable regression models (with random factor patient). pre,
preoperative; 2 h post, within two hours after surgery; POD, postoperative day; CL, confidence level.

Variable Comparison Effect Lower CL Upper CL p-Value

Time pre vs. 2 h post −45.736 −54.239 −37.233 <0.001
pre vs. POD 1 −61.587 −70.243 −52.931 <0.001
pre vs. POD 3 −80.248 −80.305 −89.272 <0.001

Type of surgery Laparoscopic vs. Open −30.367 −50.177 −10.557 0.003

Sex Female vs. Male 18.570 1.194 35.946 0.036

History of Peripheral
Artery Disease Yes vs. No 26.305 4.018 48.592 0.021

Blood type 0 vs. A,B,AB 55.529 38.568 72.489 <0.001

Pancreatic Yes vs. No 28.625 5.024 52.225 0.018

Renal Yes vs. No −16.297 −41.125 8.531 0.197

Prostatectomy Yes vs. No −25.026 −52.736 2.685 0.077

3.3.2. Ristocetin Cofactor Activity

Significantly higher postoperative Ristocetin cofactor activity was found for increasing
age (p = 0.019), females as compared to males (p = 0.027), patients with peripheral artery
disease (p = 0.001), patients without history of hypertension (p = 0.001), patients with blood
type other than O (p < 0.001) and patients having pancreatic surgery (p < 0.001) in the
univariable model. Significantly lower Ristocetin cofactor activity was found in patients
having renal surgery (p = 0.003). BMI, ASA, history of coronary artery disease, stroke, heart
failure, diabetes or preoperative ADAMTS13 or blood loss did not show evidence for an
association with Ristocetin cofactor activity. For all time points, patients with laparoscopic
surgeries showed lower postoperative Ristocetin cofactor activity (p < 0.001) (Supplemental
Materials, Table S1: Univariable regression model Ristocetin). The factors time point, type
of surgery, age, sex, history of peripheral artery disease, history of hypertension, blood type,
pancreatic, and renal surgery were included in the multivariable model. All parameters
except for pancreatic or renal surgery remained significant in the multivariable model
(Supplemental Materials, Table S2: Multivariable regression model Ristocetin).

3.3.3. vWF Activity and SORP

Over the perioperative time course, a significant positive correlation between the trend
of vWF activity and sORP was observed in the overall study population (estimated effect:
0.380; 95% CI 0.170 to 0.590; p < 0.001).
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4. Discussion

In this secondary analysis, we assessed endothelial damage via consecutive vWF
activity measurements. We observed no significant effect of perioperative 80% oxygen
concentration on postoperative vWF activity as compared to perioperative 30% oxygen
concentration. Furthermore, we did not observe a significant difference in postoperative
Ristocetin cofactor activity between the two groups.

In the original trial, we showed that the administration of supplemental oxygen
was not associated with significant changes in postoperative maximum NT-proBNP and
Troponin T concentrations [19]. Previous secondary analyses of this trial showed that
supplemental oxygen was also not associated with significant changes in postoperative
catecholamine levels [20] as well as postoperative Copeptin or oxidative stress levels [21,22].

A previous trial showed no adverse effects of supplemental oxygen on the incidence
of myocardial injury after noncardiac surgery (MINS) in patients with cardiovascular risk
factors undergoing major noncardiac surgery [23]. In another trial that evaluated the effect
of supplemental oxygen in surgical site infections, the authors did not detect any significant
effect of supplemental oxygen [14]. A post hoc analysis of this trial also showed that
supplemental oxygen did not increase overall postoperative mortality [24]. Therefore, it
seems likely that supplemental oxygen does not significantly affect the development of
postoperative complications after major noncardiac surgery.

Surgery leads to postoperative inflammation, stress, and hypercoagulation [18,25–28].
We observed a significant increase in vWF activity after surgery in the overall patient
population independent of the administered oxygen concentration. Supplemental oxygen
is associated with increased inflammatory response, specifically in alveolar epithelium
and in human cardiac myocytes [29,30]. Pure oxygen causes increased reactive oxygen
stress leading to inflammation and ultimately to alveolar cell death [29]. In contrast to
these findings, we observed that vWF activity was independent of the administered oxygen
concentration. This is also true regarding oxidative stress. In a previous sub-analysis, we
showed that the increase in oxidative stress did not differ significantly between the 80% and
the 30% oxygen group [22]. Based on the current evidence, we are convinced that surgical
trauma, anesthesia, fluid, and hemodynamic perturbations are the predominant factors for
endothelial dysfunction rather than the administration of higher oxygen concentrations.
To evaluate if oxidative stress might have affected vWF activity, we also performed a post
hoc correlation. We found that postoperative oxidative stress correlates significantly with
postoperative vWF activity. This further confirms that surgical trauma might be the most
reasonable cause for increased oxidative stress and might therefore be the most important
trigger factor for postoperative vascular damage represented by our increased vWF activity.

Nearly all of our patients underwent surgery for cancer. It is known that vWF activity
is increased in cancer patients, which might explain the higher incidence of coagulopathies
in these patients [31]. Moreover, even the type of cancer plays a significant role [32].
Specifically, patients with pancreatic cancer have a high risk of developing thromboembolic
events [32]. This is consistent with our observations. We observed significantly higher vWF
activity in patients with pancreatic cancer. Therefore, it seems reasonable that vWF activity
might be an important contributor for coagulopathies, specifically in patients undergoing
surgery for pancreatic cancer.

Peripheral artery disease is strongly associated with atherosclerosis, vascular damage,
hypercoagulability, and an increased incidence of thromboembolic events [33]. We found
significantly higher vWF and Ristocetin cofactor activity in patients with peripheral artery
disease. A possible explanation might be that peripheral artery disease is associated
with endothelial dysfunction, especially in the perioperative period, where endothelial
dysfunction is caused by surgical trauma [34–36]. Since vWF is a potent clotting factor, it
might very well be that vWF plays an important role in the postoperative pathogenesis of
thromboembolic events.

Interestingly, in contrast to vWF activity, we observed significantly higher Ristocetin
cofactor activity in hypertensive patients. It is known that hypertension is associated with
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vascular injury [37] which might have resulted in higher Ristocetin cofactor activity due to
vascular damage.

Plasma levels of vWF are approximately 25% higher in patients with blood type A,
B, or AB as compared to blood type O [38]. While the molecular mechanisms for these
differences have not been entirely clarified, it is of high clinical importance, as the risk of
venous as well as arterial thromboembolic events is significantly higher in patients with
blood type A, B, or AB [39,40]. Patients presenting with blood type AB are shown to have
the highest rate of venous thrombotic events as compared to blood group O, followed by B
and A [41]. Several other studies also linked the incidence of myocardial infarction (MI)
and coronary artery disease (CAD) to the ABO blood type, where group O has the lowest
risk for MI and CAD [42,43].

This study has some limitations. This was a pre-planned secondary analysis. The
study was powered to detect the effect between 80% versus 30% perioperative oxygen
concentration on postoperative maximum NT-proBNP concentration [19]. We only included
patients undergoing major noncardiac cancer surgery. Therefore, we were not able to
compare perioperative vWF activity between patients undergoing cancer versus non-
cancer surgery, which might have helped to underline the high risk of postoperative
thromboembolic events in patients having cancer surgery. Our rate of thromboembolic
events was far too small to evaluate the association between postoperative vWF activity and
the incidence of thromboembolic events. In fact, only four patients developed pulmonary
embolism within 30 days after surgery. Therefore, the clinical impact of our results needs to
be evaluated in a large observational study with adequate power to detect a higher number
of postoperative thromboembolic events. Further it is well known that endothelial damage
is associated with an increase in various biomarkers. In detail, endothelial damage leads
to an increase in fibrinogen [44]. Additionally, excess endothelial stimulation in patients
with peripheral artery disease is associated with D-Dimer and Thrombin-Antithrombin III
levels [44]. Lastly, in our study, patients in the non-intervention group received a FiO2 of
0.3, which is still higher than the physiological level of 0.21. Hafner et al. showed in an
in vitro study that even slight increases in the oxygen concentration are associated with
increases in VEGF secretion [30]. Therefore, it cannot be ruled out that oxygen might have
affected vWF activity in our non-intervention group. However, the use of 21% oxygen
during surgery is relatively uncommon; thus, 30% oxygen might better reflect current
clinical practice.

5. Conclusions

In conclusion, we found no significant influence of supplemental oxygen in patients
undergoing major non-cardiac surgery on postoperative vWF activity and Ristocetin cofac-
tor activity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm12031222/s1, Table S1: Univariable regression model Ristocetin,
Table S2: Multivariable regression model Ristocetin.
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Abstract: This retrospective study aimed to determine the predictive value of radiologically measured
psoas muscle area (PMA) for intraoperative hypotension (IOH) using receiver operating characteristic
(ROC) curves in older adult patients with hip fractures. The cross-sectional axial area of the psoas
muscle was measured by CT at the level of the 4th lumbar vertebrae and normalized by body surface
area (BSA). The modified frailty index (mFI) was used to assess frailty. IOH was defined as an absolute
threshold of mean arterial blood pressure (MAP) < 65 mmHg or a relative decrease in MAP > 30%
from baseline MAP. Among the 403 patients, 286 (71.7%) had developed IOH. PMA normalized
by BSA in male patients was 6.90 ± 0.73 in the no-IOH group and 4.95 ± 1.20 in the IOH group
(p < 0.001). PMA normalized by BSA in female patients was 5.18 ± 0.81 in the no-IOH group and
3.78 ± 0.75 in the IOH group (p < 0.001). The ROC curves showed that the area under the curve for
PMA normalized by BSA and modified frailty index (mFI) were 0.94 for male patients, 0.91 for female
patients, and 0.81 for mFI (p < 0.001). In multivariate logistic regression, low PMA normalized by BSA,
high baseline systolic blood pressure, and old age were significant independent predictors of IOH
(adjusted odds ratio: 3.86, 1.03, and 1.06, respectively). PMA measured by computed tomography
showed an excellent predictive value for IOH. Low PMA was associated with developing IOH in
older adult patients with hip fractures.

Keywords: frailty; sarcopenia; hip fracture; psoas muscle; older adult patients; hypotension

1. Introduction

Hip fractures are one of the most important causes of disability in the aging popu-
lation and lead to an increasing socioeconomic health burden [1]. Surgical outcomes of
patients with hip fractures are associated with a high 3-month mortality rate (4.7–19.5 %)
and physical morbidity [2–4]. Therefore, identifying the predisposing risk factors preopera-
tively is important to improve surgical outcomes. Preoperative assessment of frailty and
sarcopenia, as a surrogate of frailty, have emerged as useful predictors of surgical mortality
and morbidity in various surgical conditions in older adults [5–8].

Frailty is defined as a state of vulnerability to poor resolution of homeostasis, char-
acterized by unintentional weight loss, self-reported exhaustion, muscle weakness, slow
walking speed, and low physical activity [9]. Sarcopenia, a component of frailty, is defined
as the progressive loss of muscle mass and muscle strength [10]. Several frailty assess-
ment tools have been suggested to predict surgical outcomes [11–13]; however, there is
no consensus on the measurement of frailty. Assessing frailty using frailty assessment
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tools in patients with femur fractures is not always feasible because most have limited
physical performance, and some are difficult to communicate with, such as those with
neurocognitive or hearing disorders.

Recently, several studies have measured the cross-sectional area of the psoas muscle
using computed tomography (CT) imaging as a validated method for quantifying sarcope-
nia [14–16]. Since pelvic bone CT was performed as a standard diagnostic work-up before
surgery, the psoas muscle area (PMA) could be a useful candidate for preoperative risk
evaluation along with frailty assessment tools.

Intraoperative hypotension (IOH) is associated with mortality and adverse postoper-
ative outcomes, such as acute kidney injury [17], myocardial injury [18], and stroke [19].
IOH is associated with postoperative outcomes and frequently occurs in frail patients; they
typically have a higher sympathetic drive and reduced baroreflex sensitivity, which leads
to IOH [20,21]. The association between low PMA and adverse surgical outcomes in older
adult patients with hip fractures has been described [5]. To the best of our knowledge, no
study has demonstrated the association between sarcopenia, presented as low PMA, and
IOH development. Therefore, we hypothesized that CT-measured PMA could predict IOH
in older adult patients undergoing hip fracture surgery.

2. Materials and Methods

2.1. Study Design and Patients

This retrospective study was approved by the Institutional Review Board of Ewha
Woman’s University Hospital (IRB no. 2022-04-039), and the requirement for written
informed consent was waived. The data were collected from electronic medical records
(EMR) of older adult patients (aged > 65 years) who underwent hip fracture surgery, such
as arthroplasty and osteosynthesis, from January 2020 to December 2021 at two hospitals of
Ewha Woman’s University (Seoul and Mokdong Hospital). The surgical procedure for hip
fractures was performed by an orthopedic surgeon at each institution in the same medical
school. Patients who underwent surgery under spinal and combined spinal epidural
anesthesia, multiple fracture surgery, or had previous hip surgery in whom the cross-
sectional area of the psoas could not be obtained using CT images because of artifacts from
devices (e.g., metallic hip or spine prostheses), and those with incomplete or follow-up loss
data were excluded. Of the 649 patients, 246 were excluded based on these criteria, and 403
were included (Figure 1).

 
Figure 1. Study flow chart.
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2.2. Measurement of Psoas Muscle Area

The cross-sectional axial area (cm2) of the bilateral psoas muscle at the level of the
fourth lumbar vertebra (L4) was assessed from the axial slice image of pelvic bone CT
using picture archiving and communication systems (PACS) (Maroview 5.4, Infinitt, Seoul,
Republic of Korea), as described previously [5,22]. Pelvic bone CT was performed as part
of the patient’s routine diagnostic work-up, as ordered by the surgeon at our institution.
Bilateral PMAs that were outlined manually at the L4 pedicle level by the freehand region of
interest (ROI) program in PACS (Figure 2) were averaged and divided by the body surface
area (BSA) for normalization according to Canales et al. [14]. The PMAs from the axial
CT image were measured by two anesthesiologists retrospectively: one (Y.Y.L.) measured
all images, and the other who was blinded to the outcomes (I.Y.) measured randomly
selected 50 images. The inter-class correlation coefficient (ICC) was used to measure inter-
observer agreement. The PMA value normalized by BSA was divided into five groups. The
highest quintile (≥5.48) was considered as a reference to examine factors associated with
developing IOH and 3-month unfavorable outcomes using logistic regression analysis.

Figure 2. Cross-sectional images of the psoas muscle in pelvic bone CT. Cross-sectional image from
the pedicle level of L4 axial view of pelvic bone CT. Right and left psoas muscle areas are measured
using free ROI and averaged. Cross-sectional image of psoas muscle for (A) measured PMA of the
patients in the 5th quintile group and (B) measured PMA of the patients in the 1st quintile group. CT,
computed tomography; ROI, region of interest; PMA, psoas muscle area; BSA, body surface area.

2.3. Assessment of Frailty and Intraoperative Hypotension

All patients were assessed for frailty using the modified frailty index (mFI) based on
EMRs. The mFI originated from the frailty index of the Canadian Study of Health and
Aging Frailty Index [11] by matching 70 variables to 11 categories of comorbidities and
deficits. Factors of mFI were obtained from the patient’s medical history, which consisted of
11 deficit variables (Table S1) calculated by summation of variables and divided by 11. We
categorized the patients into two groups: the non-frail (including pre-frail) (0 ≤ mFI < 0.27)
and frail groups (mFI ≥ 0.27) based on previous studies [23]. In the logistic regression
analysis for predicting IOH and 3-month unfavorable outcomes, we used mFI categorical
groups by dividing 11 groups based on the mFI score (0 to 1).

The baseline blood pressure was defined as the first value of non-invasive blood
pressure (systolic, diastolic, and mean blood pressure) after entering the operating room
in the supine position. Radial artery cannulation was conducted under sedation before or
right after induction, which was electronically recorded every five minutes (up to 1 min
intervals in case of describing in detail) using BESTcare 2.0 (ezCaretech, Seoul, Republic of
Korea) program. In some cases in which attending anesthesiologists wanted to describe the
hypotensive blood pressure in detail, it was recorded up to 1 min intervals. If the patients
showed 30% higher baseline blood pressure than the average blood pressure during the
hospitalization period, we allowed the blood pressure to be lowered after premedication
with sedatives according to our institutions’ routine. In this case, blood pressure before
the induction was considered baseline blood pressure. We defined IOH as the absolute
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threshold of mean arterial blood pressure (MAP) < 65 mmHg or a relative decrease in MAP
> 30% from the baseline, which lasted for at least 1 min [18,24]. For regression analysis, the
incidence of IOH was analyzed dichotomously. Data on managing IOH, such as the pres-
ence of vasopressors (ephedrine, phenylephrine bolus, or norepinephrine infusion), were
also collected from anesthetic charts. Perioperative management was conducted using a
standardized hip fracture anesthesia protocol in two hospitals in the same branch of medical
school. In all patients, general anesthesia was induced using propofol (1–1.5 mg/kg) and
fentanyl (1 μg/kg) and was maintained by inhalation agents (sevoflurane or desflurane).
Our standardized protocol included maintenance of normovolemia during anesthesia and
management of systolic blood pressure within 20% of the baseline by fluid and/or vasopres-
sors [25]. The transfusion target was hemoglobin 8 g/dL for most of the patients, excluding
the patients who needed higher targets (hemoglobin ≥ 10 g/dL) for transfusion [26].

2.4. Data Collection

Demographics, medical history, and perioperative laboratory findings were obtained
from the EMRs at two institutions: age, sex, body mass index (BMI), American Society
of Anesthesiologists (ASA) classification, and comorbidities. It also included variables
such as diabetes mellitus (controlled by diet alone or treated with oral antihyperglycemic
therapy or insulin), hypertension (HTN) on medication, type of hypertensive medication,
cerebrovascular disease (CVA), transient ischemic accident (TIA), heart diseases (arrhyth-
mia, congestive heart failure, ischemic heart disease, previous myocardial infarction within
6 months, or coronary intervention/bypass graft at any time), pulmonary diseases (pneu-
monia or chronic obstructive pulmonary disease exacerbation within 30 days), peripheral
vascular disease, and cognitive impairment, which were used to calculate mFI. The follow-
ing preoperative laboratory findings were collected: hemoglobin, platelets, white blood
cells, serum albumin, C-reactive protein, blood urea nitrogen, and serum creatinine. Intra-
operative variables were collected from the EMRs, including baseline and lowest blood
pressure (non-invasive and invasive), presence of IOH, operation type, anesthesia time,
operation time, input (intraoperative crystalloid and colloid infusions or blood transfusion)
estimated blood loss, and presence of vasopressors. Postoperative data were collected:
intensive care unit (ICU) admission, length of hospital stay, presence of postoperative
delirium, postoperative deep vein thrombosis, postoperative pneumonia, and CVA during
hospitalization. Rehospitalization (including admission to a nursing hospital), death, or
falls within 3 months after surgery were regarded as 3-month adverse outcomes using
logistic regression analysis [27].

2.5. Study Outcomes

The primary outcome was the predictive value of PMA normalized by BSA for IOH
during hip fracture surgery in older adult patients using receiver operating characteristic
(ROC) curves. The secondary outcomes were the predictability of IOH by frailty using
the mFI score and the association between PMA and frailty measured by the mFI score.
Moreover, we analyzed the predictors of developing IOH and the 3-month unfavorable
outcomes in older adult patients undergoing hip fracture surgery.

2.6. Statistical Analysis

Continuous variables were analyzed using an independent t-test or Mann–Whitney U
test after assessment for normality using the Shapiro–Wilk test and are presented as mean
± standard deviation or median (interquartile range), as appropriate, whereas categorical
variables were analyzed using χ2 tests or Fisher’s exact tests (if > 20% of the expected
frequencies were < 5) and were presented as percentages. The ICC with a 95% confidence
interval (CI) was calculated by two researchers to determine the reliability of the PMA
measurements. ROC curve analysis was used to identify the predictability of PMA nor-
malized by BSA in male and female patients (primary outcome), and frailty measured by
the mFI score was used to discriminate with or without IOH groups (secondary outcome).
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The data were presented as the area under the curve (AUC) with 95% CI. We suggested
cut-offs of PMA normalized by BSA for IOH and frailty by sex using Youden’s index
and by respective sensitivity and specificity. The Hosmer–Lemeshow goodness-of-fit test
and AUC were used to assess the model fit. The association between frailty and PMA
normalized by BSA, the factors associated with developing IOH, and 3-month unfavorable
outcomes were analyzed using a binary logistic regression model (secondary outcome).
Confounding factors, including age, sex, albumin level, and ASA classification (<III or ≥III),
were identified from previous studies [28]. Additionally, significant variables, including
11 variables in mFI, were assessed by comparing patients with and without IOH. We also
conducted inversed probability of treatment weighting (IPTW) to adjust for confounding
factors [29]. Covariates which showed a significant difference in Table 1 were used for
calculating propensity scores. Multivariate logistic regression was used to analyze the
predictive factors for IOH and 3-month unfavorable outcomes using the backward selection
method. In this process, sex and age were considered, and major factors were selected after
checking for multicollinearity. The data were presented as area odds ratios (ORs) with
95% CI. Statistical analyses were performed using Microsoft Excel 2010 (Microsoft Corp.,
Redmond, WA, USA), MedCalc Statistical Software Version 20.1.4 2020 (MedCalc Software
Bvba, Ostend), and International Business Machine Statistical Package for the Social Sci-
ences Statistics (version 22.0; IBM Corp., Armonk, NY, USA). Statistical significance was
assumed at p < 0.05, and two-tailed p-values were used.

Table 1. Demographic and baseline characteristics of participants.

Demographics
All Patients

(n = 403)
No-IOH
(n = 117)

IOH
(n = 286)

p-Value

Age, year 81.34 ± 8.60 78.62 ± 8.43 82.46 ± 8.45 0.001
Sex, female 305 (75.7) 81 (69.1) 224 (78.3) 0.053

BMI, kg/m2 22.15 ± 3.76 21.62 ± 2.89 21.77 ± 3.35 0.997
ASA status 0.372

<III 145 (36) 46 (39.3) 99 (34.6)
≥III 258 (64) 71 (60.7) 187 (65.4)

Chronic arterial
hypertension 316 (78.4) 85 (26.9) 231 (73.1) <0.001

No medication 5 (1.6) 1 (1.2) 4 (1.6)
ARB 41 (12.9) 9 (10.6) 32 (13.9)
Ca+2 antagonist 127 (39.8) 35 (41.2) 92 (39.8)
β-Blocker 16 (5.0) 2 (2.3) 14 (6.1)
ACE inhibitor 2 (0.6) 0 (0) 2 (0.9)
Diuretics 6 (1.9) 1 (1.2) 5 (2.2)
Combined drugs 117 (38.2) 37 (43.5) 82 (35.5)
DM 142 (35.2) 40 (34.2) 102 (35.6) 0.196
Surgical category 0.726

Open reduction
internal fixation 186 (46.2) 54 (46.2) 132 (46.2)

Closed reduction
internal fixation 18 (4.5) 4 (3.4) 14 (4.9)

Bipolar
hemiarthroplasty 123 (30.5) 32 (27.4) 91 (31.8)

Total hip
replacement 76 (18.8) 27 (23) 49 (17.1)

Emergency surgery 72 (17.9) 14 (12) 58 (20.3) 0.048
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Table 1. Cont.

Demographics
All Patients

(n = 403)
No-IOH
(n = 117)

IOH
(n = 286)

p-Value

Preoperative data
Hemoglobin, g/dL 11.53 ± 7.08 11.41 ± 1.90 10.92 ± 1.95 0.113
Platelet, 109/L 209.84 ± 80.76 212.35 ± 82.06 208.74 ± 80.34 0.719
WBC, 103/uL 8.90 ±3.21 8.91 ±2.97 8.90 ±3.32 0.992
Albumin, g/dL 3.67 ± 0.28 3.67 ± 0.28 3.67 ± 0.28 0.243
CRP, mg/dL 2.50 ± 3.00 2.50 ± 3.00 2.50 ± 3.00 0.361
BUN, mg/dL 22.29 ± 7.09 22.29 ± 7.09 22.29 ± 7.09 0.596
Creatinine, mg/dL 0.85 ±0.51 0.86 ±0.48 0.84 ±0.52 0.705
Intraoperative data
Baseline SBP 149.86 ± 21.16 141.46 ± 20.13 153.45 ± 20.61 <0.001
Baseline DBP 82.16 ± 14.78 79.85 ± 12.71 83.15 ± 15.51 0.068
Baseline MBP 104.40 ± 15.15 102.39 ± 12.79 106.11 ± 15.77 0.052
Lowest SBP 92.20 ± 13.90 99.18 ± 14.38 89.21 ± 12.59 <0.001
Lowest DBP 50.96 ± 10.15 57.12 ± 10.51 48.33 ± 8.79 <0.001
Lowest MBP 64.50 ± 10.32 71.14 ± 10.10 61.68 ± 9.05 <0.001

Input, mL, (IQR) 801.01
(762.40, 839.62)

792.66
(748.56, 836.76)

820.22
(741.90, 898.55) 0.035

Estimated blood loss,
mL, (IQR)

227.83
(209.69, 245.96)

243.17
(204.07, 282.26)

221.16
(201.28, 241.04) 0.903

Anesthesia time, min 114.03 ± 29.61 107.24 ± 26.41 114.03 ± 27.30 0.612
Operation time, min 60.21 ± 24.81 57.44 ± 22.17 58.94 ± 22.81 0.649

Values are expressed as means ± standard deviations, medians (interquartile ranges, IQR), or absolute numbers
(percentages). BMI, body mass index; ASA, American Society of Anesthesiologists; DM, diabetes mellitus; HTN,
hypertension; ARB, angiotensin receptor blocker; ACE, angiotensin-converting enzyme; DM, diabetes mellitus;
WBC, white blood cell; CRP, C-reactive protein; BUN, blood urine nitrogen; Cr, creatinine; SBP, systolic blood
pressure; DBP, diastolic blood pressure; MBP, mean blood pressure. p-value < 0.05 are in bold.

3. Results

As presented in Table 1, 403 patients were analyzed, of which 286 (71.7%) had devel-
oped IOH. The patients had a mean age of 81.34 ± 8.60 years, and 64% (n = 258) of the
patients had ASA ≥ III. The population underwent hip surgery, including open reduction
internal fixation, hip (n = 186; 46.2%), bipolar hemiarthroplasty (n = 123; 30.5%), and total
hip replacement (n = 76; 18.8%). The emergency surgery portion in the IOH group was
20.3%, which was higher than that of 12% in the no-IOH group (p = 0.048). The number
of patients with chronic HTN was higher in the IOH group than that in the non-IOH
group (231 [73.1%] vs. 85 [26.9%]; p < 0.001). Most patients were on medication, and the
largest percentage of the combined drugs were angiotensin-converting enzyme inhibitors
(angiotensin receptor blockers) and β-blockers. The baseline systolic blood pressure was
higher in the IOH group (153.45 ± 20.61 vs. 141.46 ± 20.13; p < 0.001). Patients in the
IOH group were supplemented with a higher intravenous volume to manage hypoten-
sion (p = 0.035). Preoperative laboratory findings were not significantly different between
the groups.

Frailty and postoperative outcomes are presented in Table 2. PMA normalized by BSA
in male patients was 6.90 ± 0.73 in the no-IOH group and 4.95 ± 1.20 in the IOH group
(p < 0.001). PMA normalized by BSA in female patients was 5.18 ± 0.81 in the no-IOH
group and 3.78 ± 0.75 in the IOH group (p < 0.001). The ICC between the two researchers
for measuring PMA was excellent: 0.977 (95% CI, 0.95–0.99; p < 0.001), and measuring PMA
from CT images took only less than 1 min. mFI score was significantly higher in the IOH
group (0.34 ± 0.15) than that in the no-IOH group (0.17 ± 0.14) (p < 0.001). Frail patients
were more included in the IOH group (n = 263; 92.3%) than in the no-IOH group (n = 14;
12%) (p < 0.001). The association between the five categorical groups of PMA normalized
by BSA and frailty measured by mFI score was analyzed using logistic regression; OR was
2.735 (95% CI, 2.20–3.40; p < 0.001).
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Table 2. Patients’ frailty assessment and postoperative 3-month outcomes before and after IPTW.

All Patients
(n = 403)

No-IOH
(n = 117)

IOH
(n = 286)

p-Value

PMA

Male 9.35 ± 2.75 11.55 ±3.01 8.20 ±2.48 <0.001

Female 6.20 ± 1.64 7.81 ±1.65 5.68 ±1.63 <0.001

PMA normalized
by BSA

Male 5.63 ± 1.48 6.90 ± 0.73 4.95 ± 1.20 <0.001

Female 4.13 ±1.03 5.18 ± 0.81 3.78 ± 0.75 <0.001

mFI score 0.29 ± 0.17 0.17 ± 0.14 0.34 ±0.15 <0.001

Not-frail
(mFI < 0.27) 125 (31) 103 (88) 23 (7.7) <0.001

Frail
(mFI ≥ 0.27) 278 (69) 14 (12) 263 (92.3) <0.001

Before IPTW adjustment p-value After IPTW adjustment p-Value

All patients
(n = 403)

No-IOH
(n = 117)

IOH
(n = 286)

No-IOH
(n = 394)

IOH
(n = 377)

ICU admission 117 (29) 17 (14.5) 100 (35) <0.001 57 (14.5) 125 (33.2) <0.001
Hospital length

of stay, days 14.13 ± 10.13 11.96 ± 6.08 15.02 ±10.00 0.006 12.46 ± 6.36 14.60 ± 11.63 0.002

Delirium 138 (34.3) 34 (29.3) 104 (36.4) 0.177
DVT 119 (29.9) 31 (27.2) 88 (31) 0.455

pneumonia 50 (12.4) 10 (20) 40 (14) 0.140
CVA 14 (3.5) 1 (0.9) 13 (4.5) 0.068

3-month
outcomes 113 (28.0) 12 (10.2) 101 (35.3) <0.001 62 (15.6) 140 (37.1) <0.001

Rehospitalization 86 (21.3) 10 (25.6) 76 (27.2) 0.001 51 (13) 109 (28.9) <0.001
Death 10 (2.5) 0 10 (3.5) 0.046 4 (1.0) 12 (3.3) 0.030
Falls 17 (4.2) 2 (1.7) 15 (5.4) 0.099

Values are expressed as means ± standard deviations, medians, or absolute numbers (percentages). IPTW, inverse
probability if treatment weighting; mFI, modified frailty index; PMA, psoas muscle area; BSA, body surface area;
ICU, intensive care unit, DVT, deep vein thrombosis; CVA, cerebrovascular disease. p-value <0.05 are in bold.

Patients in the IOH group showed a higher rate of ICU admission (35%; n = 100)
than those in the no-IOH group (14.5%; n = 17; p < 0.001). After being weighted by
estimated propensity scores, 125 patients (33.2%) in IOH group and 57 patients (14.5%) in
no-IOH group showed a rate of ICU admission (p < 0.001). Longer duration of hospital
stay was higher in the IOH group (15.02 ± 10.00 days) than that in the no-IOH group
(11.96 ± 6.08 days; p = 0.006). After being weighted by estimated propensity scores, the
duration of hospital stay was significantly longer in the IOH group (14.60 ± 11.63 vs.
12.46 ± 6.36 days; p = 0.002). The rates of 3-month adverse outcomes were significantly
higher by 35.3% (n = 101) in the IOH group than that in the no-IOH group by 10.2% (n = 12)
(p < 0.001). After being weighted by estimated propensity scores, the rates of 3-month
adverse outcomes were 37.1% (n = 140) in the IOH group and 15.6% (n = 62) in the no-IOH
group (p < 0.001).

The ROC curves (Figure 3) show that the AUC for PMA normalized by BSA and mFI
were 0.94 for male patients (95% CI, 0.87–0.96; p < 0.001), 0.91 for female patients (95% CI,
0.87–0.96; p < 0.001), and 0.81 for mFI (95% CI, 0.77–0.85; p < 0.001). The optimal cut-off
values of PMA normalized by BSA for predicting IOH were 6.17 (87.8% sensitivity and
92.9% specificity) and 4.50 (89.0% sensitivity and 88.1% specificity) for male and female
patients, respectively.
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A B C 

Figure 3. Receiver-operating characteristic curves for discriminating intraoperative hypotension ROC
curve for predicting IOH using (A) PSA normalized by BSA in male patients, (B) PSA normalized by
BSA in female patients, and (C) mFI score. ROC; receiver operating characteristic AUC; area under
the curve; IOH, intraoperative hypotension; PMA, psoas muscle area; BSA, body surface area; mFI,
modified frailty index.

The factors associated with IOH are presented in Table 3. Univariate analysis showed
that old age, low albumin, hemoglobin levels, high baseline systolic blood pressure, low
PMA normalized by BSA, and a greater number of mFI variables were significantly associ-
ated with IOH. The highest OR was found in patients with a low PMA normalized by BSA
(OR 3.85; 95% CI, 2.92–5.07; p < 0.001), followed by the number of mFI variables (OR 2.07;
95% CI, 1.71–2.52; p < 0.001). Among the mFI variables, a history of CHF, HTN, TIA,
CVA with sequelae, pulmonary diseases, cardiac intervention, and patients’ dependent
functional status were significantly associated with IOH. Multivariate logistic regression
revealed that low PMA (OR 3.86; 95% CI, 2.82–5.29; p < 0.001) normalized by BSA, high
baseline systolic blood pressure (OR 1.03; 95% CI, 1.01–1.05; p = 0.001), and old age (OR 1.06;
95% CI, 1.02–1.10; p = 0.003) were significant independent predictors of IOH, whereas the
number of mFI variables was not a significant independent predictor of IOH (p = 0.870).

Table 3. Unadjusted and adjusted odds ratios for predicting IOH by binary logistic regression.

Variables Unadjusted Analysis Adjusted Analysis

Odds Ratio
(95% CI)

p-Value
Odds Ratio

(95% CI)
p-Value

Age (for 1 year increase) 1.047
(1.02, 1.08) 0.002

1.06
(1.02, 1.10) 0.003

Sex (female) 1.45
(0.84, 2.49) 0.182 1.23

(0.58, 2.60) 0.580

ASA
<III vs. ≥III

1.25
(0.79, 1.90) 0.372 0.68

(0.33, 1.42) 0.305

Emergency 1.02
(0.55, 1.88) 0.945 — —

Albumin 0.49
(0.30, 0.82) 0.007

0.76
(0.40, 1.45) 0.400

Hemoglobin 0.83
(0.72, 0.94) 0.004

1.08
(0.87, 1.33) 0.512

Baseline SBP 1.03
(1.02, 1.04) <0.001

1.03
(1.01, 1.05) 0.001
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Table 3. Cont.

Variables Unadjusted Analysis Adjusted Analysis

Odds Ratio
(95% CI)

p-Value
Odds Ratio

(95% CI)
p-Value

PMA normalized by BSA
(Reference: 5th quintile)

3.85
(2.92, 5.07) <0.001

3.86
(2.82, 5.29) <0.001

mFI variables (categorical) 2.07
(1.71, 2.52) <0.001

1.01
(0.85, 1.21) 0.870

DM 2.39
(1.39, 4.13) 0.502 — —

CHF 2.97
(1.55, 5.68) 0.001 — —

HTN 3.00
(1.75, 5.13) <0.001 — —

TIA or CVA 4.25
(2.27, 7.95) <0.001 — —

Dependent functional
status

8.67
(4.99, 15.04) <0.001 — —

MI 3.61
(0.81, 16.03) 0.091 — —

Peripheral disease 2.23
(0.89, 5.56) 0.086 — —

CVA with sequelae 2.79
(1.26, 6.18) 0.011 — —

Pulmonary disease 3.58
(1.63, 7.86) 0.001 — —

Cardiac intervention or
angina

3.60
(1.37, 9.47) 0.009 — —

Impaired sensory 1.13
(0.52, 2.44) 0.761 — —

CI, confidence interval; ASA, American Society of Anesthesiologists; SBP, systolic blood pressure; mFI, modified
frailty index; PMA, psoas muscle area; BSA, body surface area; mFI, modified frailty index; DM, diabetes mellitus;
CHF, congestive heart failure; HTN, hypertension; TIA, transient ischemic attack; CVA, cerebrovascular disease;
MI, myocardial infarction.

As presented in Table 4, female sex, ASA classification (<III vs. ≥III), low albumin
and hemoglobin levels, presence of IOH, low PMA normalized by BSA, a greater number
of categorical mFI variables, and history of TIA were significantly shown to be associ-
ated with 3-month adverse outcomes using univariate logistic regression analysis. The
results of multivariate logistic regression showed the highest OR for low PMA normalized
by BSA (OR 1.62; 95% CI, 1.37–1.91; p < 0.001). In addition, old age (OR 1.08; 95% CI,
1.04–1.12; p < 0.001) and low albumin levels (OR 0.44; 95% CI, 0.23–0.85; p = 0.014) were
significantly associated with 3-month unfavorable outcomes, whereas presence of IOH was
not a significant independent predictor of 3-month unfavorable outcomes after adjusting
for confounders (p = 0.478).

Table 4. Unadjusted and adjusted odds ratios for predicting 3-month unfavorable outcomes by binary
logistic regression.

Variables Unadjusted Analysis Adjusted Analysis

Odds Ratio
(95% CI)

p-Value
Odds Ratio

(95% CI)
p-Value

Age (for 1 year increase) 1.24
(0.6, 2.57) 0.560 1.08

(1.04, 1.12) <0.001

Sex (female) 1.04
(1.00, 1.08) 0.045

1.29
(0.58, 2.89) 0.537
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Table 4. Cont.

Variables Unadjusted Analysis Adjusted Analysis

Odds Ratio
(95% CI)

p-Value
Odds Ratio

(95% CI)
p-Value

ASA
<III vs. ≥III

3.19
(1.57, 6.47) 0.001

1.30
(0.62, 2.72) 0.482

Emergency 0.61
(0.29, 1.27) 0.185 — —

Albumin 0.40
(0.22, 0.74) 0.004

0.44
(0.23, 0.85) 0.014

Hemoglobin 0.79
(0.66, 0.92) 0.003

0.93
(0.82, 1.07) 0.300

Baseline SBP 1.02
(1.00, 1.04) 0.057 — —

IOH 3.00
(1.38, 6.51) 0.005

1.42
(0.54, 3.74) 0.478

PMA normalized by BSA
(Reference: 5th quintile)

1.44
(1.19, 1.76) <0.001

1.62
(1.37, 1.91) <0.001

mFI score
(categorical)

2.38
(1.12, 5.07) 0.025

0.95
(0.76, 1.19) 0.658

DM 1.31
(0.78, 2.19) 0.302 — —

CHF 1.25
(0.72, 2.17) 0.433 — —

HTN 1.57
(0.87, 2.82) 0.134 — —

TIA or CVA 2.60
(1.51, 4.47) 0.001 — —

Dependent functional status 1.29
(0.75, 2.22) 0.359 — —

MI 1.85
(0.64, 5.49) 0.267 — —

Peripheral disease 0.93
(0.42, 2.04) 0.853 — —

CVA with sequelae 1.78
(0.92, 3.45) 0.088 — —

Pulmonary disease 1.18
(0.64, 2.18) 0.591 — —

Cardiac intervention or angina 1.36
(0.68, 2.73) 0.390 — —

Impaired sensory 1.20
(0.54, 2.70) 0.655 — —

CI, confidence interval; ASA, American Society of Anesthesiologists; SBP, systolic blood pressure; IOH, intraoper-
ative hypotension; PMA, psoas muscle area; BSA, body surface area; mFI, modified frailty index; DM, diabetes
mellitus; CHF, congestive heart failure; HTN, hypertension; TIA, transient ischemic attack; CVA, cerebrovascular
disease; MI, myocardial infarction. p-values < 0.05 are in bold.

4. Discussion

In this retrospective study, 71.7% of patients experienced hypotensive events during
femur fracture surgery. The patients in the IOH group had a lower PMA normalized by
BSA than those in the no-IOH group, both in male and female patients. The present study
demonstrated that preoperative PMA measured by CT showed an excellent AUC value
for predicting IOH in older adult patients undergoing femur fracture surgery. Our results
suggest that PMA obtained from pre-existing CT could be used as a simple and feasible
method for predicting IOH in older adult patients with hip fractures who are unable to
access frailty. It was also significantly associated with 3-month unfavorable outcomes.

Several previous studies have shown that radiologically assessed PMA, as a surrogate
of sarcopenia, was related to surgical mortality in various surgical settings, such as tran-
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scatheter aortic valve implantation [6], abdominal [7], and femur fracture surgery [5,22].
Based on these results, we considered the underlying relationship between surgical mor-
tality and low PMA. Frail patients have reduced baroreflex sensitivity and vagal function,
which may predispose them to IOH [21]. Soysal et al. [30] showed the relationship between
the severity of sarcopenia and orthostatic hypotension accompanied by decreased function
of their cardiovascular function to maintain blood pressure. Hence, in this context, we
hypothesized that CT-measured PMA is not only associated with adverse surgical outcomes
but could also be related to IOH in older adult patients undergoing hip fracture surgery.

PMA normalization is necessary to consider its clinical use because it differs according
to race, sex, and age. Several PMA normalization methods have been used, such as the
psoas: L4 vertebrae index [5,6], which is normalized by BMI, BSA [12], and height [7]. Some
studies using CT-measured PMA used height2 for adjustment; the present study utilized
BSA, according to Canales et al. [14]. They demonstrated that the AUC value of PMA (cm2)
normalized by BSA (m2) was 0.95 (95% CI, 0.89–1.00) for discriminating frailty measured
by Fried phenotype frailty assessments, which is higher than that of the BMI 0.80 (95% CI,
0.65–0.95). Similarly, our study showed excellent AUC values using PMA normalized by
BSA to discriminate IOH preoperatively in male (0.94 (95% CI, 0.87–0.96; p < 0.001)) and
female patients (0.91 (95% CI, 0.87–0.96; p < 0.001)).

The American College of Surgeons and the American Geriatrics Society recommend
routine preoperative evaluation of frailty for all patients aged > 65 years [31]. Beggs
et al. [32] reported that adverse surgical outcomes increased two to three-fold in frail
patients, regardless of the type of surgery and frailty assessment tools. However, it is
difficult to use preoperative frailty assessment clinically because its questionnaire-based
method is limited in its application for patients with femur fractures who have restricted
physical conditions or inability to provide a medical history owing to altered mental
status. Furthermore, no consensus tools or time-consuming measuring procedures have
contributed to the restrictions on its routine use. PMA can be readily obtained from axial
images of pelvic bone CT preoperatively, and it could be a feasible tool for patients with
hip fractures to optimize perioperative risk assessment.

In the present study, we found that PSA normalized by BSA was superior to mFI
score in predicting IOH. Measuring PMA from CT images before surgery could be a
faster and more simple method than mFI for assessing the risks of IOH. Predicting IOH
could improve individual anesthetic management, in terms of preparing for hypotensive
situations: meticulous titration of anesthetic agents, preparation of additional peripheral
intravenous lines, vasopressors, sufficient pre-induction fluid supplement, and continuous
arterial blood pressure monitoring to prevent hypotensive events during the surgery. As
a surrogate of frailty before surgery, measuring PMA from CT images took < 1 min and
showed a relatively excellent ICC, suggesting it to be an individual prognostic tool for
developing IOH.

Predicting IOH is difficult because there are distinct entities of hypotension depending
on the phase of anesthesia, including vasodilation by induction agents, massive bleeding,
greater anesthesia depth, patient’s hypovolemic state, and preoperative use of antihyper-
tensive medications (angiotensin-II receptor blockers and angiotensin-converting enzymes).
From our retrospective data, we found that low PMA, advanced old age, and high baseline
systolic blood pressure were associated with the development of IOH, of which most IOH
events occurred at three-time points: post-induction period, position-changing period
supine to lateral or vice-versa, and before-emergence period. Consistent with our study,
Sudfeld et al. [28] defined post-induction period hypotension in which the time within
20 min after induction was most prevalent and critical for anesthesiologists since surgical
factors can be ruled out at this point. They suggested factors associated with post-induction
and early IOH, including emergency surgery, low pre-induction systolic arterial pressure,
and advanced age. Consistent with this study, we found that older patients were likely
to have more IOH episodes and that more frail patients were included in the IOH group
than that in the no-IOH group. Old age is associated with frailty, which leads to IOH. In
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contrast, emergency surgery, low pre-induction systolic arterial pressure, ASA class IV,
and male sex were not associated with IOH development in our study population. This
discrepancy may be attributed to the different populations of the study and the definition
of IOH. Regarding the population with hip fractures, older women were more prone to falls
than older men [33]. The patients had higher baseline blood pressure owing to pain caused
when they were transferred to the operating bed. Moreover, Sudfeld et al. considered
IOH only within the post-induction period and early 30 min after the start of surgery, and
the incidence of hypotension was approximately 34%, which is approximately half of that
in our study. This difference may be attributed to the use of a narrow definition of IOH
and the absolute threshold of systolic blood pressure (<90 mmHg) for considering IOH in
30 years younger study population. Interestingly, ASA classification and the number of mFI
variables did not show significant associations with IOH prediction and 3-month adverse
outcomes in multivariate logistic regression analysis. We assumed that these tools have
limitations because they are primarily used for the accumulation of underlying diseases.
Radiologically measured PMA showed a closer relationship to functional physical status
than ASA classification and mFI variables. Considering the impact of sarcopenia, PMA is
related to active daily life [34], and it dynamically reflects patients’ physical status. This
result indicates that sarcopenia and frailty are interrelated conditions that lead to IOH and
adverse outcomes.

Several possible mechanisms may explain the development of IOH in frail patients.
First, frailty is associated with impaired autonomic cardiovascular regulation. Decreased
sympathetic vasoconstrictor nerve activity in frail patients induces profound vasodilatory
effects by propofol induction agents [35] and could develop IOH, particularly during the
post-induction period. Reduced baroreceptor responsiveness, represented by decreased
heart rate variability, has been previously demonstrated in frail patients [36]. An impaired
autonomic nervous system may affect the ability to maintain systemic blood pressure,
which is important for cardiovascular homeostasis under stress. Second, the decreased
water content in patients with low PMA could lead to hypotension during surgery. The
water content in skeletal muscle is approximately 10% to 20% [37], and skeletal muscle
mass, as a reservoir of water content, is important for maintaining blood pressure [38]. Low
PMA, a surrogate of a sarcopenia-induced low water reservoir, may contribute to impaired
blood pressure homeostasis in frail patients. Third, patients with pre-existing HTN were
more vulnerable to IOH. Multivariate analysis showed that the adjusted OR of baseline
systolic blood pressure for predicting IOH was 1.03, and the number of patients with
chronic hypertension was higher in the IOH group than in the no-IOH group. Jor et al. [39]
also demonstrated that the degree of preoperative hypertensive systolic blood pressure is
associated with the development of IOH. Older patients with HTN are likely to be labile
regarding systemic blood pressure. Moreover, the patients continued renin-angiotensin-
aldosterone system antagonists till the day before surgery, which may be associated with a
higher risk of IOH.

This study had several limitations. First, this was a retrospective study, and unfound
confounding factors may exist. We conducted this study from two institutions of the
same medical school using standardized anesthesia protocols and excluded neuraxial
anesthesia to minimize selection bias due to the different pathophysiology of hypotension,
which is attributed to depression of the sympathetic trunk. Despite these efforts, it has
inherent limitations according to its design. Second, we could not measure the time-
weighted average IOH from restricted data that automatically recorded arterial blood
pressure from EMR at 1- to 5-min intervals. As longer exposure to IOH may be related to
an increased risk of postoperative outcomes, future prospective studies should be done to
clarify the association between IOH and 3-month adverse outcomes considering the time-
weighted average IOH. Third, we analyzed the older adult femur-fractured cohort whose
distribution was not equal to that of male and female patients because older women have
lower bone density and are more prone to falls than older men [33]. Caution is necessary for
generalizing our results, which should be validated in a multicenter prospective study in the
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future. Fourth, we only used the mFI score to assess frailty, which consisted of comorbidities
or deficits that could be retrospectively assessed, unlike questionnaire-based assessment
methods [10,11]. However, it is difficult to apply questionnaire-based frailty assessment
tools to patients with femur fractures because of their physical disability. In this context,
we attempted to suggest a feasible surrogate for frailty in patients with femur fractures,
such as PMA, from existing pelvic bone CT. Finally, ICC was not measured for the entire
cohort, and PMA was measured independently by anesthesiologists in randomly selected
patients; PMA was measured by a trained anesthesiologist, not a radiologist. Nonetheless,
the measurement of PMA was easy to learn, and the ICC was known to be high: 0.968 (95%
CI, 0.961–0.973) for the right and 0.915 for the left (95% CI, 0.898–0.929) [22]. This advantage
could be a strength of PMA for easy application in clinical settings by anesthesiologists.

5. Conclusions

PMA normalized by BSA using pre-existing CT was a significant predictor of IOH
occurrence and unfavorable surgical outcomes in older adult patients with hip fractures.
Moreover, preoperative simple measurement of PMA was superior to mFI in predicting
IOH. To discuss the relationship between IOH and adverse surgical outcomes, further
prospective studies using the time-weighted average IOH are warranted.
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Abstract: Recent findings implicate brain vulnerability following long-gap esophageal atresia (LGEA)
repair. We explored the relationship between easily quantifiable clinical measures and previously
reported brain findings in a pilot cohort of infants following LGEA repair. MRI measures (number
of qualitative brain findings; normalized brain and corpus callosum volumes) were previously
reported in term-born and early-to-late premature infants (n = 13/group) <1 year following LGEA
repair with the Foker process. The severity of underlying disease was classified by an (1) American
Society of Anesthesiologist (ASA) physical status and (2) Pediatric Risk Assessment (PRAm) scores.
Additional clinical end-point measures included: anesthesia exposure (number of events; cumulative
minimal alveolar concentration (MAC) exposure in hours), length (in days) of postoperative intubated
sedation, paralysis, antibiotic, steroid, and total parenteral nutrition (TPN) treatment. Associations
between clinical end-point measures and brain MRI data were tested using Spearman rho and
multivariable linear regression. Premature infants were more critically ill per ASA scores, which
showed a positive association with the number of cranial MRI findings. Clinical end-point measures
together significantly predicted the number of cranial MRI findings for both term-born and premature
infant groups, but none of the individual clinical measures did on their own. Listed easily quantifiable
clinical end-point measures could be used together as indirect markers in assessing the risk of brain
abnormalities following LGEA repair.

Keywords: association analysis; critical care; correlations; LGEA; MRI; neurology; pediatrics

1. Introduction

Esophageal atresia, although a rare congenital anomaly with a stable prevalence
around the world [1], is one of the most common gastrointestinal birth defects, with a
reported incidence of 1 in 2500 to 1 in 4500 live births [2,3]. Compared to short-gap
esophageal atresia, long-gap esophageal atresia (LGEA) is more likely to be an isolated
defect and associated with Trisomy 21 [4], but is less commonly associated with other
anomalies (viz. VACTERL or CHARGE syndromes) [4,5]. Unlike short-gap defects that
can be repaired by direct anastomosis (requiring one major surgery and postoperative pain
treatment within 5 days) [6], long disconnects (>3 cm) found in LGEA [4] require more
complex treatment. At our institution, infants born with LGEA undergo tension-induced
esophageal growth as part of the Foker process repair [7–9]. The Foker process allows
for growth and lengthening of infant’s existing esophageal pouches, spanning a period of
weeks [10,11], but requires at least two separate thoracotomies/thoracoscopies [12] before
direct anastomosis is achieved. The unique aspect of such complex repair involves not
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only repeated anesthesia exposure, but prolonged sedation of ≥5 days that is known to
be associated with the development of tolerance and physical dependence to the drugs of
sedation [13–15].

The impact of complex perioperative care with the Foker process on neurobehavioral
outcomes in infants born with LGEA represents a major gap in our knowledge. Recent
reports indicate that infants undergoing neonatal surgery for noncardiac congenital anoma-
lies, including those with esophageal atresia, are at risk of brain injury [10,16], potentially
accounting for the neurodevelopmental delay observed in populations of infants with
gastrointestinal anomalies [17]. Our recent pilot studies using brain magnetic resonance
imaging (MRI) [10,11,18–20] have provoked concerns over the impact of complex perioper-
ative critical care with the Foker process on brain findings and brain growth in infants born
with LGEA [10,18,20,21].

Therefore, the main objective in this novel report was to analyze associations be-
tween easily quantifiable clinical measures and previously reported brain findings in a
pilot cohort of infants that underwent research brain MRI following Foker process repair
for LGEA [10,19,20]. In this study, we hypothesized that either higher clinical severity
scores (viz. American Society of Anesthesiologist (ASA) [22] and recently introduced Pedi-
atric Risk Assessment measure (PRAm) [23]), or longer exposure to anesthesia and drug
treatment (viz. length of postoperative intubated sedation, muscle relaxants, antibiotics,
steroids), and/or TPN administration, would be (1) positively associated with the number
of incidental brain MRI findings (novel data) and (2) negatively associated with previously
published normative total brain [10,20] and corpus callosum volumes [19]. Since our pilot
cohort included infants that underwent research brain MRI in the first year of life following
repair of LGEA, our secondary objective was to demonstrate association trends with age.

2. Methods

2.1. Study Design and Participants

This work builds on our previous work (2015–2018) of brain measure quantification
using structural magnetic resonance imaging (MRI) [10,19,20] and was approved by the
Institutional Review Board as a ‘no more than minimal risk’ study (IRB-P000007855).
Informed written parental consent was obtained prior to subject participation, in accordance
with the Declaration of Helsinki and Good Clinical Practice guidelines. We previously
described a detailed methodological approach for (1) recruitment criteria and (2) scanning
process for research brain MRI [10].

In this cross-sectional pilot study, infants’ eligibility criteria included term-born
(37 to 42 weeks gestational age at birth) and early-to-late premature infants <1 year
gestation-corrected age (n = 13/group) following LGEA repair with Foker process [7–9],
who developed dependency to drugs of sedation (e.g., opioids and benzodiazepines) [15].
The preterm group included only very preterm (28 to <32 weeks GA) and moderate-to-late
preterm infants (32 to <37 weeks GA), as defined by The World Health Organization [24].
All infants underwent external traction as part of the Foker process that requires infants to
stay intubated, muscle relaxed, and sedated postoperatively [25,26]. We did not analyze:
(i) post-operative drug sedation management, as such treatment is not protocolized at
our institution, or (ii) potential symptoms of withdrawal (see [27] for review on weaning).
Instead, we confirmed that weaning management to drugs of sedation occurred as per
primary team and/or pain service notes. Exclusion criteria were: (1) extreme prematurity
(<28 weeks GA); (2) diagnosis of small for gestational age and/or intrauterine growth
restriction (SGA/IUGR) [28,29]; (3) history of cardiac arrest and/or major cardiovascu-
lar resuscitation; (4) extracorporeal membrane oxygenation exposure; (5) status post tra-
cheostomy; (6) clinically indicated cranial ultrasound findings (e.g., ventricular enlargement
with or without intraparenchymal and/or intraventricular hemorrhage); (7) neurological
disease as documented in clinical record (e.g., seizures, craniosynostosis requiring surgical
repair); (8) chromosomal abnormalities (e.g., Down’s syndrome); (9) prenatal drug expo-
sure to either drugs of abuse or prescription medications; and/or (10) MRI-incompatible

326



J. Clin. Med. 2023, 12, 1807

implants. Our pilot cohort [30] included infants with isolated LGEA and LGEA with
tracheo-esophageal fistula (TEF), while a few patients had other non-cardiac congenital
anomaly diagnoses that included LGEA as part of VACTERL association (without a cardiac
component). None of the cohort infants had cardiac anomalies requiring surgery, nor expo-
sure to extracorporeal membrane oxygenation, and had no clinical evidence of neurological
problems at the time of recruitment, as per detailed chart review and/or cranial ultrasound
findings when available (n = 13/group) [30].

2.2. Brain MRI Acquisition and Structural Analyses

Structural research brain MRI was obtained under natural sleep according to the
‘feed and wrap’ approach. All infants were scanned either just before hospital discharge
following Foker process [7–9] (including completion of weaning) or during subsequent
admissions for follow-up management in the 1st year of life. Thus, subjects were scanned
at different times during gestation-corrected first year of life in relation to the comple-
tion of treatment, depending on the time of recruitment. Structural T1- and T2-weighted
MRI data were successfully collected for all subjects, allowing for detailed qualitative
and quantitative data analysis for term-born and premature groups (n = 13/group). A
pediatric neuroradiologist on call reviewed MRI scans for any findings of clinical signifi-
cance. Additionally, a pediatric neurologist blindly evaluated the same (DBP). Clinically
relevant MRI findings included those related to extra-cranial (e.g., abnormal head shape)
and intra-cranial findings (e.g., increased extra-axial space, ventriculomegaly, thinning of
corpus callosum, subdural hematoma, stroke, etc. [10,18,19]). This qualitative evaluation
was summed as the individual total number of cranial MRI findings (novel data). Please
refer to our previous reports for detailed description of protocols for (i) preparation and
supervision of infants undergoing non-sedated brain MRI [10], (ii) details of structural
scanning parameters [10,20], (iii) quantitative T2-weighted brain segmentation [10,20] us-
ing Morphologically Adaptive Neonatal Tissue Segmentation (MANTiS) toolbox [31], as
well as (iv) quantitative T1-weighted brain and corpus callosum [19,30] volume estimation,
since it is beyond the scope of this manuscript. As previously published, we reported
normalized volumes of the brain as % of intracranial volume [10,21], and that of corpus
callosum as % of total forebrain volume [19].

2.3. Underlying Disease Severity Scores and Clinical Parameter Acquisition

In addition to demographic information (see Table 1 in [30]), several clinical end-
point measures were obtained from the electronic medical records (PowerChart®, Cerner,
London, UK) and digital anesthesia records (AIMS Charts, 2019 Citrix Receiver Application,
v. 19.3.0.21) for each patient.

2.3.1. Disease Severity Scores

We collected 2 underlying disease severity scores used in clinical practice to assess
underlying disease complexity: (1) American Society of Anesthesiologists (ASA) physical
status classifications score [22], and (2) Pediatric Risk Assessment (PRAm) score [23].
According to the ASA physical status classification, infants are rated on a scale of I (healthy)
to VI (braindead). We collected the highest individual ASA score value, as documented by
anesthesia charts at the time of initial esophageal repair surgery (Foker I).

In contrast to ASA, PRAm score was most recently introduced as a novel score to
predict perioperative mortality in children undergoing noncardiac surgery [23]. Thus,
our research team calculated PRAm scores for infants recruited before 2017. Scoring
of PRAm involves the following: urgency of surgical procedure (+1), presence of at
least one comorbidity (+2), presence of at least one indication of critical illness (+3),
age < 12 months at surgery (+3), and co-existing malignancy (+4) for a range of scores
from 0 to 13, with 0 representing the least threat to life and 13 representing the greatest
threat to life. Since all infants in this pilot cohort were younger than 12 months, and had no
co-existing malignancy, PRAm scores ranged from score 3 to 9.
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Figure 1. Incidence of Qualitative Brain Findings per Patient and Underlying Disease Severity

Scores. Panel (A) graph shows no significant associations between individual number of cranial MRI
findings and age at the time of research brain MRI scan for early-to-late preterm (n = 13; black circles,
solid trend line) and term-born infants (n = 13; open circles, dashed trend line) who underwent
Foker process [7] for long-gap esophageal atresia (LGEA) repair. Panels (B,C) show distribution of
American Society of Anesthesiologist (ASA) classification and Pediatric Risk Assessment (PRAm)
scores, respectively. The percent (%) of infants per gestational age group for ASA score is shown for
each bar (Panel (B)). In contrast, PRAm scoring is rated on a wider scale of 0–13, representing the
least and the greatest threat to life, respectively. Dots in Panel (C) represent individual scores, boxes
span the interquartile range (IQR) (first and third quartile), and whiskers represent maximum and
minimum values. Abbreviations: #, number; P, premature; T, term-born.

2.3.2. Clinical Care Measures

We collected 7 easily quantifiable clinical end-point measures from medical records:
(1) number of anesthesia events, and (2) cumulative anesthesia exposure as total minimal
alveolar concentration (MAC)-equivalent anesthesia hours up to the time of the research
brain MRI. All infants received inhalational agents for maintenance of anesthesia during
all procedures. None of the infants underwent total intravenous anesthesia (TIVA) for
any procedure. Details of anesthesia management (e.g., administration of inhalational
agents with/without peripheral nerve block and/or intravenous pain management) are
beyond the subject of this manuscript. We also quantified duration of postoperative
treatment (in days) of (3) mechanical ventilation and (4) muscle relaxation (as indirect
measures of sedation), as well as (5) antibiotics, (6) steroids, and (7) total parenteral nutrition
(TPN) with fat emulsion as an indirect measure of complexity of postoperative care (e.g.,
surgical complications). All listed data metrics were collected from the perioperative
period up until the time of research brain MRI scan. Sedation and weaning management
were administered as infusions with boluses. It included combination of opioid (e.g.,
morphine), benzodiazepine (e.g., midazolam), hypnotic (e.g., ketamine), and/or alpha2-
agonist (e.g., dexmedetomidine). Neither sedation nor post-operative muscle relaxation
was protocolized. For the few infants that underwent minor procedures at other institutions
prior to transfer to our institution for esophageal repair, duration of anesthesia events was
estimated (i.e., endotracheal intubation = 0.25 h; placement of central access line = 0.5 h;
laparoscopic gastrostomy placement = 1 h), likely resulting in the underestimation of total
anesthesia exposure. Due to incomplete availability of outside hospital documentation,
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comprehensive postoperative intubated sedation/muscle relaxation data were compiled
for n = 11/13 term-born infants and n = 10/13 premature infants. Additionally, antibiotic,
steroid, and TPN exposure data were only available for n = 12/13 infants per either group.
We eliminated only one term-born data point at 12 months of age from correlation analysis
as it was considered an aberrant point. This subject underwent extraordinarily long TPN
and antibiotic administration that artificially diverted the statistics.

Table 1. Qualitative MRI findings.

Qualitative MRI Findings
# PRETERM

(n = 13)
# TERM-BORN

(n = 13)
Total #

Anomalies

Brain Abnormalities
Increased extra-axial space 11 7 18

Widened sylvian fissures 5 5 10
Enlarged/Prominent Ventricles 11 9 20

Low cerebellar volume 0 0 0
Low brainstem volume 0 0 0

Chronic blood products (e.g., hemosiderin) 0 2 2
Mass or cyst 1 2 3

Narrowing of cerebral aqueduct 1 0 1
Incomplete rotation of hippocampi 2 0 2

White Matter Abnormalities
Low cerebral white matter volume 1 0 1

Abnormal signal in white matter 2 4 6
Corpus callosum abnormalities 12 10 22

Grey Matter Abnormalities
Low cerebral grey matter volume 0 1 1

Abnormal signal in grey matter 0 0 0
Vasculature Abnormalities/Hemorrhage

Intraventricular Hemorrhage 1 0 1
Subdural hemorrhage 3 0 3

Subdural effusion/collection 1 2 3
Arterial ischemic/hemorrhagic stroke 1 0 1

Venous hemorrhagic stroke 0 1 1
Cerebellar hemorrhage (arterial or venous) stroke 0 1 1

Vascular anomaly 1 0 1
Possible parturitional hemorrhage 0 1 1

Cranial Abnormalities
Abnormal head shape (e.g., plagiocelphaly) 3 2 5

Non-CNS cranial anomaly 3 2 5

Table 1 summarizes the type and incidence of clinically relevant cranial MRI findings in the cohort of early-to-late
premature and term-born infant patients (n = 13/group). The number (#) of each qualitative MRI finding is totaled
in the right column. Individual infants had more than one finding listed. For the individual number of cranial
MRI findings/patient, refer to Figure 1A. Abbreviations: CNS, central nervous system.

2.4. Statistical Analysis

As this was a pilot MRI study [10] and no prior information was available regard-
ing brain volumes in the selected cohort of infants with LGEA, a convenience sample
size of 13 infants/group was chosen, based on the anticipated number of eligible infants
at our institution and an estimated 50% enrollment rate. Statistical analysis was per-
formed using the Statistical Package for the Social Sciences (SPSS, v.23.0; IBM Corporation,
Armonk, NY, USA).

2.4.1. Correlation Analysis

The Shapiro–Wilk test was used to assess for normality of data, while associations
were determined by nonparametric Spearman Rho (r) test, which is resistant to the effects
of outliers [32]. Strength of correlation was described as: weak (r < 0.4), moderate (r ≥ 0.4
to <0.7), and strong (r ≥ 0.7) [33]. We used more stringent Bonferroni criteria for p < 0.01 as
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statistically significant as to protect against false-positive results due to the multitude of
testing [34].

2.4.2. Multivariable Linear Regression

A multivariable linear regression model was used to identify independent predictors
of adverse neurological data, as quantified by research brain MRI. After testing for multi-
collinearity using variance inflation factor (VIF) measures, the following 6 variables were
included in the final model: (1) group status, (2) cumulative MAC-equivalent hours of
anesthesia exposure, and length of (3) postoperative mechanical ventilation, (4) postoper-
ative muscle relaxation, (5) antibiotic, and (6) steroid administration. TPN was excluded
from the final model due to its correlation with the other clinical variables. Multivariable
linear regression results are presented as B coefficients with 95% confidence intervals and
p values. A two-tailed a level of <0.05 was used to assess for statistical significance.

3. Results

3.1. Brain MRI Measures

In this report, we summed qualitative cranial and brain findings of clinical significance
that included findings of the gray and white brain matter, as well as vascular abnormali-
ties. Irrespective of the gestation age groups, the most frequent qualitative brain findings
(Table 1) were: (1) abnormalities of corpus callosum (viz. shape, size, and hypomyelina-
tion), (2) enlarged/prominent ventricles, and (3) increased extra-axial fluid. We report no
significant association between the individual number of cranial MRI findings and age
(Figure 1A).

3.2. Underlying Disease Severity: American Society of Anesthesiology (ASA) Classification System
and Pediatric Risk Assessment (PRAm) Scoring
3.2.1. Disease Severity Score Distribution

We summarize disease severity scores (ASA physical status classification and PRAm
scoring) of the pilot cohort based on the gestation age. As expected, prematurity is asso-
ciated with higher ASA score of IV (9/13; 69%), while term-born infants have an equal
distribution between ASA scores of III and IV (Figure 1B). Despite wider scoring range for
PRAm (3–9), cohort patients had a similar distribution across a 5–9 score range, irrespective
of the gestational age group (Figure 1C).

3.2.2. Associations between Disease Severity Scores and Brain MRI Data

Despite moderate associations between ASA scores and brain MRI metrics in early-
to-late preterm infants, we did not show any significant relationship in either preterm or
term-born infant patients (Figure 2A–C). Similarly, there is no association between PRAm
scores and cranial MRI findings, irrespective of the gestational age group (Figure 2A′–C′).

3.3. Quantification of Clinical Measures of Care

We quantified seven clinical endpoint measures, which included (I) measures of anes-
thesia exposure (number of anesthesia events and MAC-equivalent cumulative anesthesia
hours), (II) indirect measures of postoperative sedation (viz. length of postoperative me-
chanical ventilation and muscle relaxation in days), as well as (III) indirect measures of
postoperative surgical complications and care (viz. length of antibiotics, steroids, and TPN
administration in days) up to the time-point of research brain MRI.

3.3.1. Associations between Clinical Measures and Age

Since our pilot cohort included infants that underwent research brain MRI in the
first year of life following repair of LGEA with the Foker process, we investigated the
relationship between each clinical parameter with age at the time of brain MRI scan. We
report a positive association between all clinical measures with age (Figure 3). Specifi-
cally, anesthesia exposure (viz. number of anesthesia events and cumulative MAC hours)
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shows significant positive associations in both premature (# anesthesia events: r(13) = 0.827,
p < 0.001; cumulative MAC hours: r(13) = 0.878, p < 0.001), and term-born infants
(# anesthesia events: r(13) = 0.817, p = 0.001; cumulative MAC hours: r(13) = 0.709, p = 0.007)
with age (Figure 3A,B). This reflects repeated anesthesia exposure in infancy (e.g., revisions
or follow-up esophagoduodenoscopies). We also report a significant positive association
only in premature infants for length of postoperative mechanical ventilation with age
(r(10) = 0.821, p = 0.004), while other clinical measures did not show any significant associa-
tions with age (Figure 3D–G).

Figure 2. Association Between Disease Severity Scores and Brain MRI Metrics. Associations
between an American Society of Anesthesiologist (ASA) classification (A–C) or Pediatric Risk
Assessment (PRAm) scores (A′–C′) with 3 different brain MRI metrics for early-to-late preterm
(n = 10–13; black circles, solid trend line) and term-born infants (n = 11–13; open circles, dashed
trend line) following long-gap esophageal atresia (LGEA) repair. Neither group showed significant
associations. All correlations were assessed by nonparametric Spearman Rho tests, which are resis-
tant to the effects of outliers. Strength of correlation is described as weak (r < 0.4; black), moderate
(r ≥ 0.4 to <0.7; purple), or strong, (r ≥ 0.7; red) with statistical significance as p < 0.01 (2-tailed). Abbre-
viations: #, number; %, percent; CC, corpus callosum; FBV, forebrain volume; ICV, intracranial volume;
P, premature; T, term-born; TBV, total brain volume.

3.3.2. Associations between Clinical Measures and Disease Severity Scores

In the selected cohort of early-to-late premature and term-born infants following
LGEA repair with the Foker process (n = 13/group), we did not find any significant
associations between any of the clinical end-point measures with either ASA or PRAm
scores, irrespective of the gestational age.

331



J. Clin. Med. 2023, 12, 1807

Figure 3. Association Between Clinical Measures and Age. Panels (A–G) show associations be-
tween 7 different clinical care measures and age for early-to-late preterm (n = 10–13; black circles,
solid trend line) and term-born infants (n = 11–13; open circles, dashed trend line) following long-gap
esophageal atresia (LGEA) repair. All correlations were assessed by nonparametric Spearman Rho
tests, which are resistant to the effects of outliers. Data were non-normally distributed for clinical
measures in Panels (D–G). Strength of correlation is described as weak (r < 0.4; black), moderate
(r ≥ 0.4 to <0.7; purple), or strong (r ≥ 0.7; red) with statistical significance as p < 0.01 (2-tailed).
Abbreviations: #, number; MAC, minimal alveolar concentration; P, premature; Postop, post-operative;
Rx, treatment; T, term-born; TPN, total parenteral nutrition.

3.3.3. Associations between Clinical Measures and Brain MRI Measures

Number of Cranial MRI Findings. As illustrated in Figure 4, we report a signifi-
cant positive association only between the length of antibiotic treatment and the number
of cranial MRI findings in premature infants (r(12) = 0.718, p = 0.009; Figure 4E). We
did not find any significant positive association between listed measures for the term-
born infants.
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Figure 4. Association Between Clinical Measures and Number of Cranial MRI Findings. As-
sociations between 7 clinical care measures and the number (#) of cranial MRI findings (Panels
(A–H) for early-to-late preterm (n = 10–13; black circles, solid trend line) and term-born infants
(n = 11–13; open circles, dashed trend line) following long-gap esophageal atresia (LGEA) repair. All
correlations were assessed by nonparametric Spearman Rho tests, which are resistant to the effects
of outliers. Data were non-normally distributed for clinical measures in Panels (D–G). Strength
of correlation is described as weak (r < 0.4; black), moderate (r ≥ 0.4 to <0.7; purple), or strong,
(r ≥ 0.7; red) with statistical significance as p < 0.01 (2-tailed). Abbreviations: #, number; MAC, minimal
alveolar concentration; P, premature; Postop, post-operative; Rx, treatment; T, term-born; TPN, total
parenteral nutrition.

Normalized Brain Volume. Having previously shown smaller absolute and normal-
ized total brain volumes [10,20], and potentially delayed brain growth in infants born
with LGEA [10,18,20], we examined the relationship between listed clinical variables and
normalized brain size. We report that only in the premature infant group, longer exposure
to anesthesia (Figure 5A,B) and duration of postoperative clinical care measures (in days;
Figure 5C–G) showed moderate and mild negative associations to brain size, respectively,
none of which were significant. For full statistical details, see Figure 5.
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Figure 5. Association Between Clinical Measures and Normalized Total Brain Volume. Panels
(A–H) illustrate associations between 7 clinical care measures and normalized total brain volume
(TBV as % intracranial volume (ICV)) for early-to-late preterm (n = 10–13; black circles, solid trend
line) and term-born infants (n = 11–13; open circles, dashed trend line) following long-gap esophageal
atresia (LGEA) repair. We report no significant associations. All correlations were assessed by
nonparametric Spearman Rho tests, which are resistant to the effects of outliers. Data were non-
normally distributed for clinical measures in Panels (D–G). Strength of correlation is described
as weak (r < 0.4; black), moderate (r ≥ 0.4 to <0.7; purple), or strong, (r ≥ 0.7) with statistical
significance as p < 0.01 (2-tailed). Abbreviations: #, number; MAC, minimal alveolar concentration;
P, premature; Postop, post-operative; Rx, treatment; T, term-born; TBV; total brain volume; TPN, total
parenteral nutrition.

Normalized Corpus Callosum Volume. We previously reported disproportionally
smaller normalized corpus callosum (CC) volumes [19] in a pilot cohort analyzed following
complex perioperative critical care with the Foker process for LGEA repair. While one
would expect that longer exposure to clinical metrics would be associated with smaller
normalized CC volumes, we see the opposite trend. All clinical variables were positively
associated with normalized CC volumes, with significant positive association between
length of steroid treatment in premature infants (r(12) = 0.760, p = 0.004; Figure 6F). This
reversal may be due to the cohort’s small sample size, the small normalized CC values (in a
range within 1% of forebrain volume), and the small scale of group differences, which all
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warrant further investigation and should be interpreted with caution. For full statistical
details, see Figure 6.

Figure 6. Association Between Clinical Measures and Normalized Corpus Callosum Size. Panels
(A–H) show associations between 7 clinical care measures and normalized corpus callosum (CC)
volume (as % forebrain volume (FBV)) for early-to-late preterm (n = 10–13; black circles, solid
trend line) and term-born infants (n = 11–13; open circles, dashed trend line) following long-gap
esophageal atresia (LGEA) repair. All correlations were assessed by nonparametric Spearman Rho
tests, which are resistant to the effects of outliers. Data were non-normally distributed for clinical
measures in Panels (D–G). Strength of correlation is described as weak (r < 0.4; black), moderate
(r ≥ 0.4 to <0.7; purple), or strong, (r ≥ 0.7; red) with statistical significance as p < 0.01 (2-tailed).
Abbreviations: #, number; MAC, minimal alveolar concentration; P, premature; Postop, post-operative;
Rx, treatment; T, term-born; TPN, total parenteral nutrition.

3.4. Multivariable Linear Regression Models

We performed multivariable regression models that included group status and
six clinical end-point measures (Table 2), with length of TPN administration excluded
(see Methods section). We report that listed variables together significantly predicted the
number of cranial MRI findings (F(6, 14) = 3.12, p = 0.037), but not total brain (F(6, 14) = 1.11,
p = 0.405) or corpus callosum volumes F(6, 14) = 0.99, p = 0.655) for both term-born and
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early-to-late premature patient groups. Interestingly, none of the individual variables
studied significantly predicted the number of cranial MRI findings, total brain volume, or
total CC volume on their own. For full statistical details, see Table 2.

Table 2. Multivariable model for number of cranial MRI findings: regression analysis.

Clinical Variables
Regression
Coefficient

95% CI p Value

1. Group Status (Preterm vs. Term-born) 0.026 −1.881 to 1.932 0.98
2. MAC Anesthesia Exposure (hrs) 0.119 0.002 to 0.237 0.05
3. Intubated Sedation (days) 0.031 −0.05 to 0.113 0.42
4. Postoperative Paralysis (days) −0.014 −0.157 to 0.128 0.83
5. Antibiotic Rx (days) −0.029 −0.064 to 0.007 0.11
6. Steroid Rx (days) −0.039 −0.166 to 0.088 0.52

Multivariable linear regression model showed that listed 6 clinical end-point measures together significantly
predicted the number of cranial MRI findings for both early-to-late premature and term-born infant infants
following long-gap esophageal atresia (LGEA) repair (F(6, 14) = 3.121, p = 0.037), but none of the individual
measures did on their own (right column p values). Abbreviations: hrs, hours; MAC, minimal alveolar concentration;
Rx, treatment.

4. Discussion

This report assessed disease severity scores and easily quantifiable clinical measures
as potential early markers of qualitative [18] and quantitative [10,20] brain MRI findings
in a pilot group of infants following repair of LGEA with the Foker process [7]. Although
individual clinical parameters were of limited use in predicting brain findings on their own,
together, they may serve as an early indirect indicator of possible neurological risk.

4.1. Underlying Disease Severity Scoring Metrics’ Validity for Assessing Brain Findings following
Long-Gap Esophageal Atresia Repair

Although critical illness in infancy has been known to be associated with neurocog-
nitive morbidities [35], our report represents the first attempt to assess the relationship
between ASA classification and PRAm scores with cranial MRI findings. Our study failed
to show any association between either ASA or PRAm scores and cranial MRI findings
for either term-born or early-to-late preterm infants (Figure 2). Furthermore, our results
indicate that PRAm scoring may be of limited use in the selected cohort of infants born
with LGEA, despite being introduced as a novel scoring system specifically designed for
predicting perioperative risk of mortality in pediatric populations undergoing noncardiac
surgery [36]. In contrast, ASA classification supports that premature infants were more crit-
ically ill in comparison to term-born infants in our pilot cohort. Indeed, it is widely known
that prematurity is a confounding factor in critical illness (with various morbidities) [37],
including neurologic and neurocognitive sequelae [38], but future studies are needed to rule
out prematurity in relation to brain findings in the context of complex perioperative critical
care as part of the Foker process [7–9]. The lack of association between ASA classification
and brain findings, despite documented incidental clinically significant MRI findings [10]
and smaller brain and CC volumes [10,18,20], probes for (i) a study with larger power
and/or (ii) a future new scoring metric in order to expand on previous risk stratification
in this unique patient population. Future studies should also explore the usefulness of
other scoring tools (viz. pediatric risk of mortality score (PRISM) [39], pediatric logistic
organ dysfunction score (PELOD) [40], and pediatric multiple organ dysfunction score
(P-MODS) [41] in assessing risk of brain findings.

4.2. Validity of Individual and Combined Clinical Parameters as Predictors of Brain Findings

Most of our individual clinical metrics (Figures 4–6) showed no significant associations
with brain MRI measures. In contrast, using a multivariable linear regression model, we re-
port that the group status and clinical end-point measures together play a role relating to the
number of incidental cranial MRI findings (Table 2), irrespective of the gestational age. Sim-
ilarly, previous studies in premature infants found that a combination of stressful/painful
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events during neonatal critical care, as well as the interaction between underlying dis-
ease and therapeutic interventions, may, together, contribute to an allostatic load [42] and
possibly poorer health outcomes [43]. Future studies should attempt to evaluate com-
bined clinical parameters, along with other measures of care, to better understand intrinsic
disease and treatment impact for life-saving LGEA repair with the Foker process [7]. Of
all the clinical measures, easily quantifiable cumulative MAC anesthesia exposure (hrs)
had a p = 0.05 value (Table 2), which warrants future studies with larger power before it
could be considered a possible early individual indirect marker for risk of brain findings.
This implication is in line with previous reports that have established quantification of
individual repeated anesthetic exposure in infancy as a possible predictor of neurological
outcomes later in childhood [44–46]. Thus, future multicenter studies could help validate
the use of anesthesia quantification as a possible early indirect marker of brain vulnerability
in the context of complex perioperative critical care in infancy.

4.3. Long-Term Evaluation and Neurodevelopmental Outcomes

There is a gap in our knowledge with respect to long-term neurodevelopmental out-
comes of infants born with LGEA that underwent Foker process repair, as most reports
focus only on surgical outcomes in the cohort of interest [25,47–49]. Our most recent retro-
spective analysis [50] showed increased survival of infants born with esophageal atresia
when compared to previous decades (using Spits [51] and Waterson’s [52] evaluation),
highlighting the need for this line of inquiry. The most recent meta-analysis of the literature
reported conflicting results regarding the long-term neurodevelopment in children born
with esophageal atresia [53]. Only two recent reports implicate neurologic findings and
increased risk of brain injuries and long-term neurodevelopmental sequalae in a cohort
of infants born with gastrointestinal anomalies that included esophageal atresia (without
distinction with respect to surgical type: short-gap vs. long-gap) [16,17].

Two landmark multicenter prospective trials, GAS [54] and RESTORE [55], evaluated
long-term neurodevelopmental outcome following anesthesia exposure and prolonged
sedation, respectively. However, the GAS study reported no negative neurodevelopmental
outcomes in otherwise healthy (ASA I and II) infants following simple hernia repair at
2- [56] or 5-year [54] follow-up. Similarly, results from the RESTORE study [55] do not
apply to our cohort of infants born with LGEA exposed to prolonged sedation, since their
subjects (i) underwent sedation for treatment of primary respiratory disease in the absence
of surgery, and (ii) had a smaller mean length of sedation of 6.5 days.

Very importantly, implication of early illness associated with intraoperative hypoten-
sion, hypoxemia, and anemia has been shown to increase the risk of morbidity and mortality
early in life, as demonstrated by a recent prospective observational study (NECTARINE
trial; [57]). Similarly, perioperative periods of diminished cerebral oxygen delivery are
associated with abnormalities in Psychomotor Developmental Index and brain magnetic
resonance findings in infants undergoing reparative heart surgery [58]. Although our
cohort did not include any LGEA infants undergoing cardiac surgeries, it is well known
that about 50% of infants with LGEA have co-existing congenital heart disease [50], and
that children supported on extra-corporeal membrane oxygenation (ECMO) for cardiac
indications have significant developmental delays and warrant close neurodevelopmental
follow-up [59]. Furthermore, early postoperative brain volumes are associated with one-
year neurodevelopmental outcome in children with severe congenital heart disease [60].
Long-term health-related quality of life is diminished in children following neonatal surgery
for congenital heart abnormalities, with specific deficits in school functioning, intelligence
quotients, and neuromotor abilities [61–64]. Moreover, the length of mechanical ventilation
and the length of exposure to sedative and analgesic drugs have been negatively associated
with quality-of-life findings at 12-month and 4-year follow-up [65–67]. Future studies in
infants born with LGEA should also explore the impact of brain perfusion and possible
poor tissue oxygenation as additional clinical markers. Our pilot findings call for both
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early- and long-term neurobehavioral follow-up after complex perioperative critical care
for LGEA repair, both in the absence and presence of congenital heart disease or syndromes.

4.4. Study Limitations

Since the correlation and regression analyses used in this study measure the strength
of association between two selected variables without insight into etiology, future stud-
ies are needed to elucidate the underlying mechanisms of previously presented brain
findings [10,19–21]. Additionally, several study limitations should be noted: Sex Differ-
ences. Our term-born and premature patient groups had an even sex distribution, which
is reflective of the relatively equal sex distribution of LGEA infants, as reported by recent
retrospective analysis from The Esophageal and Airway Treatment Center at our institution [50].
However, potential sex differences were not analyzed due to lack of power. Study Size.
Future studies should include at least 16 subjects/sex/gestational group to detect a change
of 0.25. These power calculations [68–70] are in accordance with infant studies of vol-
umetric analyses (n = 11–13/group) [71] and long-term neurodevelopmental outcomes
(n = 13–16/group) [72]. Timing of MRI scans. Scans were collected throughout the 1st year
of life, leading to a non-uniform time difference between completion of treatment and
research MRI scans, introducing potential bias. Furthermore, MRI scans were not collected
prior to Foker process treatment, so it is impossible to assess preexisting differences in brain
findings or refute the possibility that detected alterations were associated with prematurity
alone and not the caregiving conditions associated with the complex care for LGEA repair.
Estimation of quantification. Some of the infants were transferred from another institutions,
likely resulting in underestimation of anesthesia exposure for procedures performed else-
where. Future multicenter studies could overcome this limitation. As anesthetic, analgesic,
and sedative administration was not protocolized at our institution, each infant received a
slightly unique combination of agents that also introduces bias.

5. Conclusions

Reported individual associations do not represent a causative relationship, and pre-
maturity should be considered a confounder, as premature infants are known to be sicker.
Gestational age grouping with the easily quantifiable listed clinical end-point measures
could be combined for assessing the early impact of allostatic load on brain findings
following LGEA repair. The impact of complex perioperative critical care with pro-
longed sedation in the context of LGEA repair with Foker process calls for future studies
of long-term neurodevelopmental outcomes in both early-to-late premature and term-
born infants.
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ASA American Society of Anesthesiologists
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TIVA total intravenous anesthesia
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VIF variance inflation factor
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Abstract: Background: Radial artery (RA) catheterization for invasive blood pressure monitoring
is often performed via palpation, and an ultrasound is used secondarily only in case of multiple
unsuccessful attempts. Although more elaborate, it has been shown that primary ultrasound-guided
catheterization may be advantageous compared with palpation. The aim of this study was to identify
factors associated with difficult RA catheterization. Methods: Left RA ultrasound assessments were
performed in patients with indicated invasive blood pressure monitoring the day before surgery. RA
catheterization was performed by personnel blinded to the ultrasound results. Based on the number
of attempts needed for successful catheter placement, the cohort was divided into uncomplicated
(group 1) and difficult (more than one attempt, group 2) catheterization cases. Cases subjected to
primary ultrasound were excluded from the analysis. Results: Body weight, height and surface
area (BSA) of patients in group 2 (n = 16) were significantly lower than those of patients in group 1
(n = 25), and internal RA diameters were significantly smaller in group 2 patients. In the whole cohort,
BSA was significantly associated with distal and proximal internal RA diameters. In contrast, no
differences were observed in the skin-to-artery distance, the longitudinal axis deviation (kinking)
or blood flow velocity. Median time to successful catheterization was 77 (47–179) s. Prolonged time
needed for cannulation was significantly associated with lower body weight, BMI and BSA, and
with reduced distal and proximal internal RA diameter. Conclusions: RA catheterization performed
through pulse palpation may be difficult, especially in adult patients with lower body weight and
height, due to reduced arterial diameters. Initial use of ultrasound in these patients may reduce
first-attempt failure, preventing procedural delays and patient discomfort.

Keywords: ultrasound; sonography; arterial catheterization; invasive blood pressure monitoring

1. Background

Blood pressure monitoring is standard during anesthesia care. While non-invasive
assessment based on the Riva-Rocci method is usually assumed to be sufficient for patients
presenting with moderate comorbidities and for minor invasive interventions, continuous
invasive (“bloody”) intra-arterial blood pressure monitoring is recommended for more
invasive procedures or for critically ill patients [1]. This requires the insertion of an arterial
intravascular catheter, with the radial artery being commonly accessed [2]. Using a fluid-
filled pressure conduction line connected to the catheter, beat-to-beat intra-arterial blood
pressure can be assessed using a pressure transducer placed outside the patient’s body and
then displayed on a monitor. The need for higher and frequent arterial blood gas sampling,
e.g., during thoracic surgery involving challenging ventilation and oxygenation, is a further
indication of the requirement for arterial cannulation [1,3]. Moreover, transradial access
has been established as a preferred access for percutaneous coronary catheterization [4].
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Radial arterial puncture is usually performed with the index or middle finger of the
hand opposite to that palpating the artery. Although it has been shown that primary
ultrasound-guided puncture may be advantageous over palpation [5], in clinical practice,
vascular sonography followed by secondary ultrasound-guided puncture are utilized only
in case of multiple unsuccessful attempts. This results in unwanted delays and may be
associated with increased complication rates [5].

Additionally, due to procedural reasons or low availability of ultrasound devices, it is
often not possible to perform every arterial catheterization ultrasound-guided. Therefore,
the aim of this study was to identify those factors that are associated with difficult puncture
or catheterization and that therefore make primary vascular sonography appear reasonable.
Surgical patients with a need for invasive blood pressure monitoring were evaluated using
vascular ultrasounds the day before their planned catheterization, and the results of the
assessments were correlated with punctures performed by an operator blinded to those
results.

2. Methods

All analyses were performed in accordance with the Declaration of Helsinki. The
local ethics committee (University Hospital Bonn, Germany) considered the study to be
compliant with the applicable professional codes and regulations and therefore approved
the study protocol (Ethics Committee of the University Hospital Bonn, Germany; protocol
number 261/19; date of approval: 28 August 2019). Written informed consent was obtained
from all patients before ultrasound examination and catheterization. Elective orthopedic
and cardiac surgery patients aged >18 years with indicated invasive blood pressure moni-
toring were included. Exclusion criteria were emergency surgery and refusal to provide
written informed consent.

Radial artery (RA) ultrasound assessment was performed the day before surgery.
As per internal standard, arterial catheterization is usually performed on the left side;
therefore, left RA ultrasound characteristics were assessed. All assessments were performed
by one trained person experienced in anesthesiologic vascular ultrasound using a linear
array hockey stick probe (L15-7io) on a Philips CX50 ultrasound machine (Philips GmbH,
Hamburg, Germany). The following parameters were obtained:

RA diameter at the level of and 5 cm proximal to the styloid process.
Longitudinal axis deviation over a distance from the level of styloid process to 5 cm
proximal to it (kinking of the artery).
Skin-to-artery distance at the level of and 5 cm proximal to the styloid process.
Maximum blood flow velocity (Vmax).
Presence of stenoses and plaques.
RA diameter and axis deviation measured longitudinally (long axis, LA) and cross-sectionally
(short axis, SA).

Catheterization of the RA was performed and observed the day following ultrasound
examination. The puncture itself was performed either without or primarily or secondarily
using ultrasound guidance at the discretion of the operator who was not part of the study
personnel and was therefore blinded to the results of the ultrasound assessment. All
catheterizations in both groups (see below) were performed uniformly by the same three
operators, all of whom were board-certified anesthesiologists with years of experience in
performing arterial and venous vascular punctures. In all cases, punctures were performed
at the level of the proximal radial artery, approximately 2 cm proximal to the radial styloid
(to be differentiated from the recently described distal radial access, which is performed at
the level of the snuffbox [6,7]). All catheterizations performed primarily using ultrasounds
were excluded from subsequent analyses. Based on the number of attempts needed to
successfully place the catheter, the cohort was divided into uncomplicated and difficult
(more than one attempt) catheterizations (group 1 or 2, respectively). The following details
were recorded:
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Number of attempts needed for successful catheter placement.
Time needed for successful catheter placement.
Secondary use of ultrasound.
RA punctures themselves were performed by the same three trained anesthetists according
to local hospital standards. Additional data recorded comprised:
Body weight and height.
Heart rate and systolic and diastolic blood pressure during sonography as well as during
catheterization.
Pulsatility index obtained from pulse oximetry during catheterization.

Body surface area (BSA) was calculated using the formula by DuBois: BSA (m2) = body
height0.725 (cm) × body weight0.425 (kg) × 0.007184.

Statistical analyses and visualizations were performed using MS Excel 2019 (Microsoft
Corp., Redmond, CA, USA) and GraphPad PRISM 8 (La Jolla, CA, USA). Data are presented
as median values with 25th and 75th percentiles or as absolute numbers with percentage
values and were analyzed using Mann–Whitney test and Fisher’s exact test, respectively,
and Spearman’s correlation. The alpha level was set to 0.05. All datasets are available from
the corresponding author on reasonable request.

3. Results

In total, ultrasound assessments—conducted the day before surgery—and arterial
catheterizations were performed in 47 patients. As the anesthetist performing arterial
puncture was blinded to the results of the pre-procedural ultrasound assessment and the
approach to cannulation was left at their discretion and solely observed, punctures were
performed either without or primarily or secondarily (when catheterization appeared
difficult) using ultrasound guidance. Only those procedures involving catheterization via
palpation were included in the analysis, while those with primary use of sonography (n = 6)
were excluded. Difficult cannulation was defined as the need for multiple attempts (more
than one) to successfully puncture the artery, and accordingly, the cohort was divided
into uncomplicated (group 1, n = 25) and difficult (group 2, n = 16) catheterization. The
study included cardiac surgery (n = 36) and orthopedic surgery (n = 5) patients. Median
body weight in the whole cohort was 82 (73–90) kg, height was 174 (167–181) cm, BMI
was 26.8 (23.8–29.2) kg/m2 and BSA was 1.96 (1.80–2.12) m2. In group 1, median body
weight was 83 (73–95) kg, height was 178 (170–182) cm, BMI was 27.7 (24.2–29.1) kg/m2

and BSA was 2.04 (1.83–2.17) m2. In group 2, median body weight was 75 (65–85) kg, height
was 169 (162–178) cm, BMI was 25.9 (22.7–29.3) kg/m2 and BSA was 1.90 (1.67–1.96) m2.
Body weight (p = 0.046), height (p = 0.011) and BSA (p = 0.011) of patients in group 2 were
significantly lower than those of patients in group 1 (Figure 1A). Heart rate and blood
pressure showed no significant intergroup differences.

Table 1 provides the results of the preoperative ultrasound assessments for the whole
cohort as well as for groups 1 and 2. As shown in Figure 1B, the distal and proximal
internal radial artery diameters were significantly smaller in group 2 patients (difficult
catheterization) compared with group 1 patients (p = 0.02). In the whole cohort, Spearman’s
correlation analysis showed that BSA was significantly associated with distal (Spearman’s
r = 0.48, p = 0.001) as well as proximal internal radial artery diameters (Spearman’s r = 0.40,
p = 0.009). In contrast, no intergroup differences were observed in the depth of the artery
beneath the skin, in the longitudinal axis deviation over a distance of 5 cm or in blood
flow velocity. Furthermore, plaques and stenoses had no influence on the difficulties
encountered during cannulation.
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Figure 1. Body metrics and preoperative radial artery ultrasound. Ultrasound assessment of the
left radial artery (RA) was performed in all patients the day before surgery using a linear probe.
According to the number of attempts needed for successful subsequent RA catheterization, the cohort
was divided into un-complicated and difficult (more than one attempt) catheterization (group 1
(n = 25) or 2 (n = 16), respectively). (A) Patients in group 2 (difficult catheterization) had lower body
weight, height and surface area than those in group 1. (B) In group 2 (difficult catheterization), distal
(at the level of the styloid process) and 5 cm proximal internal RA diameter was significantly smaller
compared to those in group 1. (C) In the whole cohort, body surface area was significantly associated
with distal as well as proximal internal RA diameter. Data are visualized as violin diagrams with
median and interquartile range (25–75), indicated by the dashed lines. Mann-Whitney test and
Spearman correlation were used for analysis. * p < 0.05.
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Table 1. Results of preoperative ultrasound assessment of patients in the whole cohort as well as
patients in group 1 (uncomplicated catheterization) and group 2 (difficult catheterization).

Whole Cohort Group 1 Group 2

n = 41 n = 25 n = 16 p-Value

Basic characteristics:
Weight (kg) 82 (73–90) 83 (73–95) 75 (65–85) 0.046
Height (cm) 174 (167–181) 178 (170–182) 169 (162–178) 0.011

Body mass index 26.8 (23.8–29.2) 27.7 (24.2–29.1) 25.9 (22.7–29.3) 0.521
Body surface area (m2) 1.96 (1.80–2.12) 2.04 (1.83–2.17) 1.90 (1.67–1.96) 0.011

Heart rate (bpm) 68 (60–79) 68 (60–81) 66 (60–79) 0.796
Blood pressure sys (mmHg) 125 (110–136) 130 (110–141) 125 (110–134) 0.436
Blood pressure dia (mmHg) 75 (70– 82) 75 (70–85) 75 (70–80) 0.963

Previous arterial puncture (n) 31 (76%) 19 (76%) 12 (75%) 0.999
Ultrasound characteristics:
Dist. int. diameter SA (mm) 2.60 (2.32–2.95) 2.64 (2.38–2.98) 2.41 (1.99–2.60) 0.039
Prox. int. diameter SA (mm) 2.61 (2.25–2.91) 2.64 (2.50–3.04) 2.41 (2.04–2.85) 0.058
Dist. int. diameter LA (mm) 2.48 (2.14–2.81) 2.60 (2.37–2.91) 2.32 (1.96–2.58) 0.018
Prox. int. diameter LA (mm) 2.57 (2.25–2.93) 2.63 (2.48–2.95) 2.30 (1.98–2.76) 0.024
Long axis deviation SA (mm) 4.66 (3.23–6.72) 5.24 (3.15–7.44) 4.31 (3.27–6.13) 0.594
Long axis deviation LA (mm) 1.00 (1.00–1.00) 1.00 (1.00–1.00) 1.00 (1.00–1.00) 0.999

Dist. distance skin–artery (mm) 6.43 (5.32–7.21) 6.65 (5.69–8.42) 6.16 (4.42–6.81) 0.084
Prox. distance skin–artery (mm) 7.01 (4.87–8.25) 7.01 (4.70–8.47) 6.96 (4.86–8.29) 0.911

Vmax (cm/s) 80.70 (61.95–99.55) 86.35 (64.53–141.00) 79.15 (55.65–95.83) 0.349
Stenoses, plaques (n) 14 (34%) 9 (36%) 5 (31%) 0.999

Data are given as median values with 25th and 75th percentiles or as absolute numbers with percentage values
and were compared using the Mann–Whitney test or Fisher’s exact test, respectively. p values refer to the results
of intergroup comparisons (group 1 vs. 2). Significant differences are given in bold values. SA = short axis scan,
LA = long axis scan.

Ultrasound assessment of the left radial artery (RA) was performed in all patients
the day before surgery using a linear probe. Based on the number of attempts needed
for successful subsequent RA catheterization, the cohort was divided into uncomplicated
(group 1, n = 25) and difficult (more than one attempt, group 2, n = 16) catheterization.

Patients in group 2 (difficult catheterization) had lower body weight, height and
surface area compared with patients in group 1.

Distal (at the level of the styloid process) and 5 cm proximal internal RA diameters
were significantly smaller in group 2 (difficult catheterization) than in group 1.

Body surface area of the whole cohort was significantly associated with distal as well
as proximal internal RA diameters.

Data are visualized as violin diagrams with the median and interquartile range (25–75),
indicated by the dashed lines. The Mann–Whitney test and Spearman’s correlation were
used for analysis (p < 0.05).

Time needed for successful radial artery (RA) catheterization with lower body weight,
height and surface area as well as with smaller distal (at the level of the styloid process)
and 5 cm proximal internal RA diameters were measured.

Median time needed for successful catheterization was 77 (47–179) s for the whole
cohort. As expected, the need for multiple attempts significantly prolonged the time
needed for catheterization in group 2 (181 (155–286) s) compared with group 1 (53 (38–77) s,
p < 0.0001). Furthermore, difficult arterial puncture with a need for multiple attempts
significantly increased secondary ultrasound use in group 2 (50%) compared with group
1 (0%, p = 0.0001). Spearman’s correlation analysis of the whole cohort showed that
the prolonged time needed for cannulation was significantly associated with lower body
weight (Spearman’s r = −0.41, p = 0.008), BMI (Spearman’s r = −0.31, p = 0.049) and BSA
(Spearman’s r = −0.40, p = 0.009), and with reduced distal (Spearman’s r = −0.38, p = 0.014)
and proximal (Spearman’s r = −0.33, p = 0.033) internal radial artery diameters (Figure 2).
No intergroup differences were observed in heart rate, systolic and diastolic blood pressure
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or pulse perfusion index during catheterization, or in the secondary intraoperative failure
of invasive blood pressure monitoring. Results of the catheterization observations in the
whole cohort as well as in group 1 and group 2 are given in Table 2.

Figure 2. Radial artery catheterization. Time needed for successful radial artery (RA) catheterization
with lower body weight, height and surface area as well as with smaller distal (at the level of the
styloid process) and 5 cm proximal internal RA diameter. Spearman correlation was used for analysis.

Table 2. Results of radial artery cannulation observations in the whole cohort as well as in group 1
(uncomplicated catheterization) and group 2 (difficult catheterization).

Whole Cohort Group 1 Group 2

n = 41 n = 25 n = 16 p-Value

Heart rate (bpm) 70 (61–80) 70 (59–80) 70 (63–80) 0.478
Blood pressure sys (mmHg) 141 (125–157) 144 (121–158) 138 (127–156) 0.706
Blood pressure dia (mmHg) 71 (62–83) 73 (61–87) 68 (63–78) 0.520

Pulsatility index 0.80 (0.50–1.80) 0.78 (0.50–1.29) 0.80 (0.50–2.70) 0.536
Number of attempts needed for successful

catheter placement (n) 1 (1–2) 1 (1–1) 2 (2–3) 0.0001

Time needed for successful catheter
placement (s) 77 (47–179) 53 (38–77) 181 (155–286) 0.0001

Secondary use of ultrasound (n) 8 (20%) 0 (0%) 8 (50%) 0.0001

Data are given as median values with 25th and 75th percentiles or as absolute numbers with percentage values
and were compared using the Mann–Whitney test or Fisher’s exact test, respectively. p-values refer to the results
of intergroup comparisons (group 1 vs. 2). Significant differences are given in bold values.

4. Discussion

Ultrasound guidance can be beneficial during radial artery catheterization. However,
the factors that may impede puncture and therefore make primary use of sonography
advantageous are still elusive. We demonstrated that difficult radial artery cannulation for
invasive blood pressure monitoring resulting in the need for multiple attempts significantly
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prolonged the procedural processes. This was associated with reduced proximal as well as
distal radial artery diameters and was seen particularly in patients with lower body weight
and height. Primary ultrasound use may be advantageous in these patients.

Radial artery catheterization is a common invasive procedure in anesthesia care as
it allows for real-time continuous blood pressure monitoring in critically ill patients as
well as during more invasive surgical procedures, and for repeated blood sampling, e.g.,
blood gas analyses [1–3]. Usually, puncture and catheterization of the radial artery are
performed using anatomic landmarks and pulse palpation. However, although widely
established in daily practice, this technique may fail, especially under circumstances
such as arterial hypotension or in small infants [1,2]. The resulting multiple attempts
lead to delays in procedural processes and may induce secondary complications such as
hematoma or temporary—or even permanent—vascular occlusion with subsequent distal
necroses [1,2,8,9]. Ultrasound guidance for vascular access and regional anesthesia allows
for direct visualization of targeted vessels and nerval structures and the puncture process
and can provide confirmation of the correct guidewire and catheter positioning, and is
therefore established in anesthesia and intensive care medicine and recommended in recent
guidelines [10–13]. However, in contrast to venous access and nerve blockade, radial artery
cannulation is still commonly performed via palpation, and sonography is only used when
multiple attempts have failed. In addition to delays and complications, this greatly impairs
patient comfort.

In daily practice, operation room workflows may be significantly affected by difficul-
ties encountered while establishing vascular access, greatly impacting cost efficiency [9].
As demonstrated by our results, in case a first attempt performed using palpation fails,
the need for further attempts with or without ultrasound obviously delays the whole
procedural workflow. A meta-analysis by Gu et al. revealed that radial artery catheteriza-
tion first-attempt failure was significantly reduced by the use of 2D ultrasound, as were
hematoma complications and the mean time needed for successful cannulation [5]. Similar
results have been shown for alternative radial access routes such as the distal approach
performed at the level of the snuffbox, with ultrasound reducing complications and max-
imizing technical success, even in small-diameter or pathological arteries [6]. Moreover,
the results of the RAUST trial (Radial Artery Access With Ultrasound Trial) demonstrated
the advantages of ultrasound use in radial artery cannulation in a randomized multicenter
setting [14].

Performing all radial artery catheterization using an ultrasound is possible in centers
with high availability of ultrasound machines, but is not possible at our tertiary university
medical center. To identify anatomical and physiognomical factors associated with difficult
palpational punctures would therefore be of particular interest since this would aid in
stratifying patients for primary or secondary ultrasound guidance. Based on our results,
reduced distal and proximal radial artery diameters were significantly associated with mul-
tiple catheterization attempts and prolonged the time needed for successful catheterization.
Since low body weight and height were predisposing factors for reduced arterial diameter,
cannulation was difficult in patients with lower body mass index or body surface area. In
contrast, skin-surface-to-artery distance or longitudinal axis deviation seemed to have no
impact on cannulation success.

Our results are in line with previous reports. Jung Oh et al. report reduced radial
artery cross-sectional area as an independent predictor of first-attempt failed catheterization
in children even when ultrasound was used [15]. Measures that may increase that diameter
and cross-sectional area such as a median nerve block performed prior to radial artery
cannulation will help facilitate the puncture [16].

In accordance with our data, the results from Kotowycz et al. revealed that lower
patient height, weight, BMI and BSA, together with other physiognomical parameters
such as wrist circumference or shoe size, predict reduced radial artery size in patients
undergoing cardiac catheterization [17]. Consequently, difficulties encountered during
radial cannulation leading to conversion into femoral access were similarly shown to be
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associated with reduced patient height and body surface area [18,19]. This is somewhat
surprising since radial catheterization is usually thought to be particularly challenging in
obese patients [20]. However, it was demonstrated that radial artery diameter is increased
in obese patients compared with lean subjects, which possibly explains our finding that
difficult cannulation was associated with reduced body mass index [21]. Interestingly, in
contrast with our study, results from other studies revealed no association between clinical
parameters such as BMI and radial artery diameter [22]. Nevertheless, they similarly
stressed the significance of ultrasound in improving radial artery cannulation success.

In our study, plaques and stenoses were equally distributed between the two groups,
suggesting that radial artery quality has no impact on catheterization success. In fact, as
revealed by a large study by Dehghani et al. involving more than 2000 patients, neither
plaques nor stenoses were independently associated with failing transradial cannulation
for percutaneous coronary intervention [23]. However, due to the small sample size in our
study, an effect may not be excluded with certainty. A recent study by Achim et al. revealed
a further interesting aspect, demonstrating that radial artery calcification is correlated with
coronary calcification and plaque burden requiring revascularization [24]. This suggests
that radial ultrasound may also be useful for preoperatively identifying patients with
significant coronary atherosclerosis, underlining the role of the anesthesiologist in screening
for relevant comorbidities.

Our study has some limitations, including a small sample size that potentially resulted
in underpowered conclusions. Only orthopedic and cardiac surgery patients were evalu-
ated, potentially limiting the application of our results to other surgical patient populations.
Last, although performed uniformly in all patients by the same experienced operators,
arterial cannulation was not strictly standardized but was left to the discretion of the
anesthetist taking care of the patient. Since the classical forearm proximal access was used
in all cases, our results cannot be transferred to other approaches such as the distal radial
artery access performed at the level of the snuffbox, which has recently been proven to be
non-inferior compared with the conventional proximal radial access [6,7].

5. Conclusions

In summary, the results of our observational study revealed that radial artery catheter-
ization performed using pulse palpation may be difficult, especially in adult patients with
lower body weight and height, due to their reduced arterial diameters. Initial ultrasound
use in these patients may reduce first-attempt failure, preventing procedural delays and
patient discomfort.
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Abstract: Current guidelines recommend delaying noncardiac surgery for 6 months after drug eluting
stent implantation. However, this recommendation is largely based on limited evidence and various
event definitions. Whether early surgery within 6 months of coronary stent implantation increases
myocardial injury in patients with normal preoperative high-sensitivity cardiac troponin I (hs-cTnI)
has not yet been investigated. This retrospective study assessed patients who received coronary stent
implantation and underwent noncardiac surgery (vascular, abdominal, or thoracic) between 2010 and
2017 with normal preoperative hs-cTnI (n = 186). Patients were divided into early (within 6 months of
PCI) and late (after 6 months of PCI) groups. The primary endpoint was the incidence of myocardial
injury as diagnosed by hs-cTnI within 3 days post-operation. The secondary outcomes were myocardial
infarction, stent thrombosis, emergent coronary revascularization, major bleeding (bleeding requiring
transfusion or intracranial bleeding), stroke, renal failure, heart failure, or death within 30 days post-
operation. Inverse probability treatment weighting (IPTW) was carried out to adjust for the intergroup
baseline differences. Myocardial injury occurred in 28.6% (8/28) and 27.8% (44/158) of the early and
late groups, respectively, with no difference between groups (odds ratio [OR] 1.067, 95% confidence
interval [CI] 0.404, 2.482; p = 0.886). Secondary outcomes did not differ between the groups. IPTW
analysis also showed no differences in myocardial injury and secondary outcomes between the groups.
In conclusion, early surgery within 6 months after coronary stent implantation did not increase the
incidence of myocardial injury in patients with normal preoperative hs-cTnI.

Keywords: coronary stents; noncardiac surgery; troponin I; stent to surgery time interval

1. Introduction

Now that percutaneous coronary interventions (PCI) are performed worldwide, the
incidence of noncardiac surgery (NCS) after coronary stent implantation is 10 to 20% within
the second year of stent insertion [1,2].

The proper time interval from “coronary stent to surgery” has been the subject of
debate. The interval between “stent to surgery” is determined by risk-benefits that consider
the possibility of stent thrombosis associated with premature cessation of antiplatelets,
bleeding associated with the continuous use of antiplatelets, and adverse patient outcomes
from delayed surgery. Current practice guidelines of the American Society of Anesthesi-
ologists recommend that elective noncardiac surgery be postponed for at least 12 months
until endothelization of the drug eluting stent (DES) is completed [3,4]. The 2016 American
College of Cardiology and the American Heart Association (ACC/AHA) recommends
waiting 6 months in cases of stable coronary artery disease (class of recommendation:
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1, level of evidence: B-non-randomized) [5]. With advances in coronary stent techniques
and improved patient care, a shorter interval of “stent to surgery” is increasingly recom-
mended by more recent guidelines [5–7]. However, some anesthesiologists may choose to
practice more conservatively as these guidelines are based on limited and weak evidences
drawn from non-randomized trials [1,8–12].

In previous studies, patients who underwent surgery after PCI were compared to those
who received coronary stents but did not undergo surgery [12], or patients who underwent
surgery but did not have coronary stents [13–15]. Few studies directly compared those
who underwent early or late surgery. In addition, previous studies focused on composite
complications of major adverse cardiac events (MACEs) such as myocardial infarction (MI),
bleeding, stroke, or death to determine the appropriate timing for noncardiac surgery after
PCI [1,2,8,13,16–22], rather than relying on a universal direct marker of cardiac injury.

High-sensitivity cardiac troponin I (hs-cTnI) is used as an objective early marker for
postoperative myocardial injury. To the best of our knowledge, there were no studies that
compared changes in hs-cTnI between early and late surgeries after PCI, and no information
is available on postoperative outcomes in patients who had normal hs-cTnI before surgery.

In this single-center retrospective study, we evaluated whether early surgery (within 6 months
of PCI) increases the incidence of myocardial injury, as diagnosed by hs-cTnI level, com-
pared with late surgery (after 6 months of PCI) in coronary stented patients who underwent
vascular, abdominal or thoracic surgery with normal preoperative hs-cTnI. Inverse proba-
bility treatment weighting (IPTW) was performed to compare early and late groups, as few
patients undergo surgery within 6 months of PCI.

2. Materials and Methods

2.1. Patients

All patients (n = 2517) who received PCI and underwent noncardiac surgery
(vascular, abdominal or thoracic surgery) between January 2010 and March 2017 at Sam-
sung Medical Center, Seoul, Republic of Korea were assessed. Only the first index surgery
within 30 days of a single admission was included. The stent to surgery interval was based
on the most recent coronary stent implantation before the surgery if the patient had more
than one PCI episode. Patients were divided into early (within 6 months of PCI) or late
(after 6 months of PCI) groups.

2.2. Inclusion and Exclusion Criteria

Coronary stented patients with pre- and post-operative hs-cTnI results undergoing the
index surgery were included. The exclusion criteria were as follows: (1) no preoperative
hs-cTnI test, (2) abnormal preoperative hs-cTnI level, (3) no postoperative hs-cTnI test
within 3 days post-operation, (4) previous PCI with balloon angioplasty without stent
implantation, (5) operation other than the index surgery, and (6) concomitant coronary
artery graft surgery (Figure 1).

2.3. Data Acquisition

Data were collected using our hospital’s electronic medical records. Reviewed data
include patient characteristics; underlying disease; echocardiographic findings; revised
cardiac risk index (RCRI); laboratory data including preoperative N-Terminal-proB-type
Natriuretic Peptide (NT-proBNP); surgery type; emergency surgery; estimated blood loss;
intraoperative transfusion; surgery duration; cause of coronary stent implantation, coronary
stent type, number, and site(s); and discontinued days of antiplatelets before surgery.
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Figure 1. Flow diagram. PCI, percutaneous coronary intervention; Hs-cTnI, high-sensitivity cardiac
troponin I; CABG, coronary artery bypass surgery.

2.4. Outcomes and Follow-Up

The primary outcome was myocardial injury, assessed by hs-cTnI within 3 days post-
operation. The secondary outcomes were myocardial infarction, stent thrombosis, and the
need for emergent coronary revascularization, as well as bleeding requiring transfusion or
intracranial bleeding within 30 days post-operation. Other complications such as stroke,
renal failure, heart failure, or death within 30 days post-operation were collected. The
postoperative duration of the hospital stay was also obtained.

Myocardial injury was defined as any hs-cTnI result exceeding 0.04 ng/mL within
3 days of the operation. The lower detection limit was 0.006 ng/mL, and the normal range
was ≤0.04 ng/mL according to the 99th percentile reference. Levels were measured using
a highly sensitive immunoassay with an automated analyzer (Advia Centaur XP, Siemens
Healthcare Diagnostics, Erlangen, Germany). Myocardial infarction was assessed using
the third universal definition [23], which is a cardiac biomarker (hs-cTnI) elevation of at
least one value above the 99th percentile upper reference limit, in addition to one of the
following criteria: symptoms, cardiac echocardiographic diagnosis, or electrocardiogram
change indicating myocardial ischemia. Major bleeding was defined as significant bleeding
requiring transfusion or an intracranial hemorrhage. Stroke was diagnosed by neurologic
symptoms and brain magnetic resonance imaging. Heart failure was defined as dyspnea,
pulmonary congestion, and elevated NT-proBNP, or as noted on echocardiography.

355



J. Clin. Med. 2023, 12, 2524

2.5. Statistical Analysis

For the comparison of early and late groups in baseline patient characteristics and
outcome data, continuous variables were analyzed using the Student’s t-test or the Mann–
Whitney U test, according to the normality of data as evaluated with the Shapiro–Wilk
test. Data are presented as mean (standard deviation) or median (interquartile range) as
appropriate. Categorical variables were analyzed by Chi-square test or Fisher’s exact test
as appropriate and are described as number (%).

2.6. IPTW

The “stent to surgery” interval may have been affected by several patient characteris-
tics, and the early and late group may show differences in baseline demographics. Thus,
IPTW was performed to adjust for these intergroup differences in age, sex, body mass
index (BMI), American Society of Anesthesiologist Physical Status (ASA PS; II, III vs. IV),
surgery type (major vascular vs. non major vascular), emergency surgery, etiology of
stent insertion (acute myocardial infarction vs. angina pectoris), preoperative antiplatelets
(or anticoagulant) use, discontinued days (duration) of antiplatelets, and preoperative
comorbidity including diabetes mellitus (DM), hypertension (HTN), chronic kidney dis-
eases (CKD), atrial fibrillation, peripheral vascular diseases, and transient ischemic attack
(TIA) or stroke. A weight of mean of propensity score (PS)/PS was assigned to the early
group and (1-means of PS)/(1-PS) to the late group, with PS being the probability of being
assigned to the early group. The ability of the model to balance the cohort characteristics in
a pseudo-population was assessed using standardized mean differences. Simple logistic
regression was performed for the primary endpoint, and double adjustments using the
weighted multiple logistic regression were carried out to adjust for variables with stan-
dardized mean difference >0.1 even after IPTW (adjusted odds ratio and 95% confidence
interval) [24].

To identify confounding factors for myocardial injury, multiple logistic regression
was carried out, with a stepwise selection (likelihood ratio, enter if p < 0.05 and remove
variable if p > 0.2) in the unweighted raw data. Variables assessed for the multiple logistic
regression are as follows: the early group vs. the late group was set as a fixed variable, plus
age, sex, BMI, surgery type, emergency surgery, ASA PS, etiology of stent insertion, DM,
use of DM medications (metformin, sulfonylurea, dipeptidyl peptidase-4 inhibitor), HTN,
CKD, atrial fibrillation, peripheral vascular disease, stroke including TIA, preoperative
antiplatelets, and discontinuation of antiplatelets.

2.7. Sample Size Calculation

We performed a sample size justification for this retrospective analysis. Since there was
no report on the incidence of myocardial injury diagnosed by hs-cTnI in coronary stented
patients undergoing noncardiac surgery, we based it on the incidence of myocardial injury
after noncardiac surgery, which ranged from 5 to 20% in the previous literature [25,26].
On the presumption that the incidence of myocardial injury in the late group was 10%
compared to that of 35% in the early group, 25 patients in the early group and 100 patients
in the late group would have the power of 83%.

All p values were two-sided, and p < 0.05 indicated a significant difference. Rex
Excel-based statistical analysis software ver. 3.6.1 (RexSoft, Seoul, Republic of Korea,
http://rexsoft.org/, accessed on 1 November 2022) based on R ver. 4.0.0 (R Foundation for
Statistical Computing, Vienna, Austria) and IBM SPSS® Statistics for Windows version 22.0
(IBM Corp., Armonk, NY, USA) were used to conduct all analyses.

3. Results

In this single-center retrospective study, all patients who underwent noncardiac
surgery (vascular, abdominal, or thoracic surgery) after PCI between January 2010 and
March 2017 were assessed (n = 2517). Among them, those with preoperative hs-cTnI results
were selected (n = 348). Patients with no postoperative hs-cTnI results within 3 days post-
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operation (n = 53), or with high preoperative hs-cTnI results indicating ongoing cardiac
injury (n = 85), or those who underwent balloon angioplasty only for PCI (n = 9), or those
who did not receive the index surgery (n = 10), or those who received concomitant coronary
artery bypass surgery (n = 5) were all excluded. Finally, 186 patients were analyzed for
myocardial injury. Data on primary and secondary outcomes were available in all analyzed
patients (Figure 1).

3.1. Demographics Data and Operative Characteristics

In the raw data, the baseline characteristics of patients in the early and late groups did
not differ except for preoperative use of dual antiplatelet therapy (96% vs. 38%, p < 0.001),
which was more common in the early group (Table 1). Most patients received clopidogrel
and/or aspirin as antiplatelet therapy. The discontinued days of preoperative antiplatelets
(or anticoagulant) were similar between the groups (3.4 vs. 4.4 days, early vs. late group;
p = 0.25) (Table 1).

Table 1. Patient and operative characteristics between early and late surgery (raw data).

Variables
Early Surgery Late Surgery p

(n = 28) (n = 158)

Age, year 67.3 (8.1) 68.3 (8.3) 0.55
Female 1 (4) 18 (12) 0.32
BMI, kg/m2 25.0 (2.6) 24.6 (3.2) 0.54
Weight, kg 68.7 (7.4) 67.9 (10.6) 0.71
Height, cm 165.8 (6.2) 165.9 (7.5) 0.91
ASA PS

0.06
II 7 (25) 74 (47)
III 20 (71) 81 (51)
IV 1 (4) 3 (2)

Hypertension 18 (64) 113 (72) 0.44
Diabetes mellitus 11 (39) 62 (39) >0.99

Metformin 4 (14) 28 (18)
Sulfonylurea 2 (7) 21 (13)
Dipeptidyl Peptidase-4 inhibitor 3 (11) 21 (13)
Insulin 1 (4) 7 (4)
Alpha glucosidase 0 (0) 2 (1)
Thiazolidinediones 1 (4) 0 (0)
No antidiabetic medication 2 (7) 5 (3)

Stroke or transient ischemia attack 5 (18) 35 (22) 0.61
Chronic kidney disease 1 (4) 18 (11) 0.32
Structural heart disease a 3 (11) 21 (13) >0.99
Left ventricular ejection fraction < 30% 0 (0) 2 (1) >0.99
Atrial fibrillation 2 (7) 11 (7) >0.99
Peripheral vascular disease 5 (18) 27 (17) >0.99
Revised cardiac risk index

0.74
0 2 (7) 9 (6)
1 14 (55) 91 (60)
2 9 (32) 49 (31)
3 3 (11) 9 (6)

Serum creatinine ≥ 2.0 mg/dL 1 (4) 12 (8) 0.70
Hemoglobin, g/dL 12.5 (1.9) 12.7 (2.1) 0.62
CRP, mg/dL b 0.13 (0.06, 0.71) 0.25 (0.07,0.88) 0.58
NT-proBNP, ng/dL c 88.2 (46.6, 715.0) 148 (67.5, 503.4) 0.75
Albumin, g/dL 4.0 (0.5) 4.0 (0.5) 0.59
Cholesterol 123.9 (37.1) 134.8 (32.1) 0.11
LDL cholesterol d 66.5 (25.7) 75.3 (25.3) 0.16
Glucose, mg/dL 136.8 (46.3) 129.7 (53.9) 0.52
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Table 1. Cont.

Variables
Early Surgery Late Surgery p

(n = 28) (n = 158)

Surgery
Major vascular 7 (25) 39 (25) 0.74
Non major-vascular (sub-category, below) 21 (75) 119 (75.3)

Cholecystectomy 2 (7) 16 (10)
Gastrectomy 5 (18) 10 (7)
Hepatobiliary 1 (4) 17 (11)
Colorectal surgery 2 (7) 10 (6)
Nephrectomy-cystectomy 0 (0) 2 (1)
Kidney transplantation 0 (0) 2 (1)
Liver transplantation 0 (0) 5 (3)
Other abdominal surgery 10 (36) 62 (39)
Thoracic surgery 5 (18) 21 (13)
Carotid endarterectomy 6 (21) 36 (23)

Emergency surgery 3 (11) 13 (8) 0.71
Intraoperative estimated blood loss, ml 125 (80, 450) 200 (100, 700) 0.33
Intraoperative transfusion 4 (14) 43 (27) 0.15
Surgery duration, min 174.5 (117, 206) 192 (122, 262) 0.21
Coronary stent data
Causes of coronary stent implantation 0.99

Acute Myocardial Injury 9 (32) 52 (33)
Angina pectoris 17 (61) 94 (60)
Not known 2 (7) 12 (7)

Coronary stent type 0.11
DES 16 (57) 65 (41)

First generation 1 (6) 26 (40)
Durable polymer coated 11 (69) 29 (45)
Biodegradable polymer coated 2 (13) 4 (6)
Polymer free drug coated 1 (6) 0 (0)
Unknown DES type 1 (6) 6 (9)

BMS 4 (14) 14 (9)
Unknown stent type 8 (29) 79 (50)

Coronary stent numberb 0.61
1 17 (63) 76 (67)
2 7 (26) 30 (27)
3 3 (11) 7 (6)

Coronary stent siteb 0.10
Left anterior descending 16 (57) 62 (39)

Antiplatelets (or anticoagulants) use <0.001
None 0 (0) 3 (2)
Aspirin only 1 (4) 70 (44)
Clopidogrel only 0 (0) 22 (14)
Dual (aspirin + clopidogrel) 27 (96) 60 (38)
Warfarin 0 (0) 3 (2)

Discontinued days of any antiplatelets (or anticoagulants) 3.4 (3.1) 4.4 (4.0) 0.25

Values are presented as mean (standard deviation) or median (interquartile range) or number (%). Early vs. Late
surgery: surgical time from coronary stent implantation within 6 months vs. after 6 months. BMI, body mass
index; ASA PS, American Society of Anesthesiologist Physical Status; NT-proBNP, N-terminal pro hormone B-type
natriuretic peptide N-terminal; CRP, C-reactive protein; LDL, low density lipoprotein; DES, drug eluting stent;
BMS, bare metal stent.a Structural heart disease included regional wall motion abnormality or valvular heart
disease. b early surgery n = 28, late surgery n = 138. c early surgery n = 20, late surgery n = 114. d early surgery
n = 20, late surgery n = 111.

3.2. Myocardial Injury and Postoperative Complications

In the raw data, the incidence of myocardial injury was 28.0% (52/186). There was
no difference in myocardial injury between the early and late groups (28.6% [8/28] vs.
27.8% [44/158]; OR 1.067, 95% CI 0.404, 2.482; p= 0.886). Myocardial infarction occurred
in nine patients, all in the late group (0% [0/28] vs. 5.7% [9/158]; OR 0.276, 95% CI 0.000,
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2.276; p = 0.398) Among these patients with myocardial infarction, four showed changes
in ST, two of whom required emergent coronary revascularization for non-ST segment
elevation myocardial infarction (NSTEMI) (0% [0/28] vs. 1.3% [2/158]; OR 1.098, 95% CI
0.000, 13.648; p = 0.953). None of the patients experienced stent thrombosis or restenosis.
The incidence of major bleeding was 14.5% (27/186), with no group difference (7.1% [2/28]
vs. 15.8% [25/158]; OR 0.494, 95% CI 0.064, 1.645; p = 0.319) (Table 2). The composite
incidence of either myocardial injury or major bleeding did not differ between the early
and late groups (32.1% [9/28] vs. 35.4% [56/158]; p = 0.690) (Figure 2).

3.3. IPTW

The IPTW matched cohort is shown in Appendix A Table A1. After IPTW, a pseudo-
population was created, and the incidence of myocardial injury was 31.1% (8.8/28.3) vs.
30.8% (32.5/105.5) of patients in the early vs. late group (OR 1.035, 95% CI 0.400, 2.447;
p = 0.939) (Table 2). Double adjustment results for a standardized mean difference >0.1
after IPTW also showed no significant differences between the early and late groups in
myocardial injury (OR 1.125, 95% CI 0.465, 2.723; p = 0.795). After IPTW, secondary
outcomes did not differ between the groups (Table 2).

Table 2. Myocardial injury and other complications between early and late surgery before and after IPTW.

Variables

Unmatched Cohort Weighted Cohort after IPTW

Early Surgery
(n = 28)

Late Surgery
(n = 158)

Odds Ratio
(95% CI) a

p Early Surgery
(n = 28.3)

Late Surgery
(n = 105.5)

Odds Ratio
(95% CI) b

p

Myocardial injury 8 (28.6) 44 (27.8) 1.067 (0.404, 2.482) 0.886 8.8 (31.1) 32.5 (30.8) 1.035 (0.400, 2.447) 0.939
Myocardial infarction 0 (0) 9 (5.7) 0.276 (0.000, 2.276) 0.398 0.0 (0.0) 6.9 (6.6) 0.232 (0.000, 1.995) 0.330
MACE 3 (10.7) 23 (14.6) 0.791 (0.159, 2.367) 0.707 3.3 (11.8) 17.4 (16.5) 0.748(0.163, 2.251) 0.636
In-stent thrombosis 0 0 NA NA 0 0 NA NA
Emergent coronary
revascularization 0 (0) 2 (1.3) 1.098 (0.000, 13.648) 0.953 0.0 (0.0) 1.9 (1.8) 0.746 (0.000, 9.460) 0.854

Major bleeding 2 (7.1) 25 (15.8) 0.494 (0.064, 1.645) 0.319 0.8 (3.0) 18.1 (17.1) 0.227 (0.006, 1.014) 0.113
Stroke 0 (0) 3 (1.9) 0.779 (0.000, 8.248) 0.872 0.0 (0.0) 1.9 (1.8) 0.758 (0.000, 9.711) 0.862
Thrombosis 1 (3.6) 4 (2.5) 1.873 (0.072, 10.547) 0.522 0.8 (3.0) 2.8 (2.6) 1.516 (0.038, 10.540) 0.695
Heart failure 2 (7.1) 7 (4.4) 1.906 (0.239, 7.607) 0.403 2.5 (8.8) 5.6 (5.3) 1.892 (0.300, 7.697) 0.394
Newly onset atrial
fibrillation or flutter 1 (3.6) 13 (8.2) 0.588 (0.022, 2.566) 0.555 0.8 (3.0) 10.5 (10.0) 0.416 (0.010, 1.973) 0.358

New dialysis 0 (0) 3 (1.9) 0.779 (0.000, 8.248) 0.872 0.0 (0.0) 2.2 (2.1) 0.672 (0.000, 8.063) 0.801
Clavien-Dindo surgical
complications ≥ 1 7 (25.0) 58 (36.7) 0.599 (0.215, 1.408) 0.268 5.5 (19.3) 39.7 (37.6) 0.423 (0.132, 1.069) 0.090

Postoperative hospital
stay, days 12.5 (17.9) 11.1 (14.7) 1.449 (-4.664, 7.562) 0.642 10.90 (16.68) 10.15 (12.13) 0.750 (-4.813, 6.312) 0.792

In-hospital mortality 0 (0) 1 (0.6) 1.842 (0.000, 58.189) 0.714 0.0 (0.0) 1.0 (1.0) 1.208 (0.000, 32.219) 0.910

Values are mean (standard deviation) or number (%). Early vs. Late surgery: surgical time from coronary stent
implantation within 6 months vs. after 6 months. IPTW, inverse probability treatment weighting; MACE, major
adverse cardiovascular event; OR, odds ratio; CI, confidence interval. a Logistic regression with Firth’s penalized
maximum likelihood estimator (MLE). b Weighted logistic regression.

In the raw data, the differences in other major complications including heart failure,
stroke, renal failure, Clavien–Dindo surgical complications, postoperative hospital stays,
and in-hospital mortality were not significant statistically. One patient in the late group
died due to cerebral infarction and subsequent heart failure (Table 2).

Table 3 shows the simple logistic regression and multiple logistic regression of raw
data to identify contributing factors to myocardial injury. Early or late surgery was not
associated with myocardial injury. Major vascular surgery was the only variable that
increased the odds of myocardial injury significantly (adjusted OR 5.060, 95% CI 2.407,
10.635; p < 0.001).
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Figure 2. Incidence of composite events (myocardial injury or major bleeding) between early
(9/28 [32.2%]) and late groups (56/158 [35.4%]) were not different (p = 0.690). Major bleeding
included bleeding requiring transfusion or intracranial hemorrhage within 30 days post-operation.

Table 3. Multiple logistic regression for myocardial injury (raw data).

Univariable Analysis
Multiple Logistic

Regression

Myocardial
Injury (n = 52)

No Myocardial
Injury (n = 134)

OR, 95% CI p Value aOR, 95% CI p Value

Early surgery 8 (15.4) 20 (14.9) 1.034 (0.418, 2.558) 0.937 1.249 (0.478, 3.262) 0.65
Age, year 70.0 (9.5) 67.4 (7.7) 1.045 (1.004, 1.089) 0.033
BMI, kg/m2 24.9 (3.5) 24.6 (3.0) 1.032 (0.926, 1.150) 0.568
Female 9 (17.3) 11 (8.2) 2.595 (0.964, 6.985) 0.059 2.749 (0.969, 7.795) 0.057
Surgery type

25 (48.1) 21 (15.7) 5.010 (2.399, 10.464) <0.001 5.060 (2.407, 10.635) <0.001Major vascular
surgery
Emergency surgery 4 (7.7) 12 (9.0) 0.919 (0.274, 3.079) 0.891
ASA PS

II 21 (40.4) 60 (44.8) (ref)
III 30 (57.7) 71 (53.0) 1.100 (0.562, 2.154) 0.780
IV 1 (1.9) 3 (2.2) 0.810 (0.080, 8.234) 0.858

Etiology of stent
insertion

AMI 16 (31.4) 45 (37.2) (ref)
Angina pectoris 35 (68.6) 76 (62.8) 1.301 (0.646, 2.618) 0.461
Unknown 1 (1.0) 13 (1.0) NA

DM 15 (28.8) 58 (43.3) 0.529 (0.262, 1.069) 0.076
Metformin 5 (9.6) 28 (20.9) 0.403 (0.146, 1.108) 0.078
Sulfonylurea 3 (5.8) 21 (15.7) 0.330 (0.094, 1.156) 0.083
DPP-4-inhibitor 4 (7.7) 20 (14.9) 0.475 (0.154, 1.464) 0.195

HTN 35 (67.3) 96 (71.6) 0.777 (0.383, 1.575) 0.483
CKD 10 (19.2) 9 (6.7) 3.398 (1.190, 9.706) 0.022 2.583 (0.893, 7.468) 0.08
Atrial fibrillation 4 (7.7) 9 (6.7) 1.170 (0.336, 4.076) 0.805
Peripheral vascular
diseases 10 (19.2) 22 (16.4) 0.990 (0.418, 2.341) 0.981
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Table 3. Cont.

Univariable Analysis
Multiple Logistic

Regression

Myocardial
Injury (n = 52)

No Myocardial
Injury (n = 134)

OR, 95% CI p Value aOR, 95% CI p Value

Any stroke or TIA 7 (13.5) 33 (24.6) 0.409 (0.158, 1.057) 0.065
Preoperative
antiplatelets

None 1 (1.9) 2 (1.5) (ref)
Dual antiplatelets 26 (50.0) 61 (46.5) <0.001 (0, Infinite) 0.981
Single antiplatelet 25 (48.1) 71 (53.0) <0.001 (0, Infinite) 0.986

Discontinued days of
antiplatelets 4 (1,5) 4 (1,5) 0.931 (0.839, 1.034) 0.182

Values are presented as mean (standard deviation) or median (interquartile range), or number (%). Early vs. Late
surgery: surgical time from coronary stent implantation within 6 months vs. after 6 months; OR odds ratio; aOR,
adjusted odds ratio; CI, confidence interval; BMI, body mass index; ASA PS, American Society of Anesthesiologist
Physical Status; AMI, acute myocardial infarction; DM, diabetes mellitus; DPP-4-inhibitor, dipeptidyl peptidase-4
inhibitor; HTN, hypertension; CKD, chronic kidney diseases; TIA, transient ischemic attacks.

4. Discussion

Using a definition of myocardial injury as elevated hs-cTnI, early noncardiac surgery
within 6 months of coronary stent implantation did not increase the incidence of myocardial
injury in patients with normal preoperative hs-cTnI. The incidence of major bleeding also
did not differ between the groups.

In our study, the incidence of myocardial injury based on hs-cTnI was 28.6% and 27.8%
in the early and late groups, respectively. This is higher than that of the Godet et al.’s
study, where the incidence was 12% in 96 consecutive patients who underwent noncardiac
surgery after PCI [27]. This difference may be attributable to our use of a high sensitivity
troponin assay, hs-cTnI, which may be a more accurate marker for myocardial injury than
the troponin used in Godet et al. [27].

Previous studies focused on a wide range of composite outcomes of MACEs. However,
MACE may not be directly related to coronary stent in surgical population. Our one
heart failure case was due primarily to massive bleeding from surgical complications and
our mortality case was due to cerebral infraction and subsequent heart failure, neither of
which was accompanied by elevated hs-cTnI. If the rationale for delaying surgery is to
wait for stent endothelization and safe cessation of dual antiplatelet therapy, it appears
to be more appropriate to focus on the measurement of hs-cTnI (primary outcome) and
the occurrence of myocardial injury or infarction and stent thrombosis/revascularization
(secondary outcomes) to determine “stent to surgery” time [5,27].

It is not clear why the rate of myocardial injuries did not differ between the two groups.
First, this study included patients with normal preoperative hs-cTnI. According to previ-
ous studies, noncardiac surgery after acute coronary syndrome has a high risk of MACE or
myocardial infarction, but stable coronary artery diseases have a low risk of MACE regard-
less of the timing of the surgery [5,10]. Second, another possible explanation involves the
type 2 mechanism of myocardial injury in surgical patients [28]. During the perioperative
period, myocardial supply-demand mismatch (type 2) is more common than stent throm-
bosis (type 1) [29,30], which may be treated conservatively and not require coronary artery
intervention. In our study, no patients who manifested myocardial injury required coronary
artery intervention, and all were treated conservatively, except for two patients in the late
group, who had to be referred to cardiologists for emergency revascularization. If the type 2
mechanism is the major contributor of myocardial injury, delaying surgery would not reduce
it. Third, coronary stent type may also have contributed to the lack of difference between
the two groups. Recent generation DESs were designed using thinner stent platforms and
thrombo-resistant, bioabsorbable, or biocompatible polymers [31]. These newer polymers
minimize inflammation [32,33] and result in lower rates of stent thrombosis [33–35]. Stent
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thrombosis occurred in only 1.5% of patients over a 3-year follow up [36]. Emerging data
suggest that it may be safe to discontinue dual antiplatelet therapy as early as 3 months after
implantation of a new generation stent [33–35]. Because of the retrospective nature of the
study, we were unable to identify the generation of stents used in some patients. However, the
early surgery group received a new generation DES more frequently than did the late group,
despite the missing data. Lastly, some antidiabetics such as metformin [37], glucagon-like
peptide 1 (GLP-1; incretins) analogs [38,39], or SGLT2 (Sodium-glucose cotransporter 2) in-
hibitors [40,41] are known to have a favorable effect against myocardial infarction. Patients in
our study were not receiving GLP-1 analogs and/or SGLT2 inhibitors, but some were taking
DPP-4-inhibitors, which indirectly increase GLP-1. In our study, patients who were taking
metformin (14% vs. 18%; early vs. late group) and DPP-4-inhibitor (11% and 13%; early vs.
late group) were not different between the groups. These drugs may have affected the result
of no difference in the rate of myocardial injury.

In our study, preoperative use of dual antiplatelet therapy was more common in the
early group than the late group (96% vs. 38%, p < 0.001 in unweighted cohort data), but
the duration of preoperative antiplatelet discontinuation was similar between the groups
(3.4 days and 4.4 days; p = 0.25 in unweighted cohort data). The risk of stopping antiplatelet
therapy is not consistent among previous studies. The RECO study found an increased
incidence of MACE with a complete cessation of antiplatelets after noncardiac surgery [8],
but other studies reported no differences between the stop and the continued use [2,9,42].
Some studies reported even higher incidences of MACE in patients with greater platelet
inhibition [19,29] and those with continuous antiplatelet medication [20]. In our multiple
logistic regression (Table 3), types and discontinued duration of antiplatelets were not
contributing variables for the occurrence of myocardial injury. Antiplatelet therapy should
be tailored to the patient depending on the cause of PCI, inherent surgical risk of bleeding,
and type of stent [1,18,20], and the consensus decision should be based on the opinions of
the cardiologist, surgeon, and anesthesiologist [5–7,43].

Our study has several limitations. First, the small number of patients in this study
limits generalizability and makes it difficult to draw a concrete conclusion. However,
inclusion of minor or outpatient surgery is likely to produce more favorable outcomes for
early surgery [12]. A large cohort study is required in future. Second, the retrospective
nature of this study has resulted in a lack of information on the type of coronary stent and
the etiology of stent implantation in some patients. Third, our cohort is Asian. East-Asians
are reportedly to show a decreased thrombotic risk compared to other ethnicities [44].
Fourth, as a retrospective study, perioperative management was not controlled, especially
in relation to restarting antiplatelets or postoperative thromboprophylaxis. However, if
clinically acceptable, antiplatelet therapy was routinely resumed on the first postoperative
day as an institutional protocol.

5. Conclusions

In conclusion, early surgery within 6 months of coronary stent implantation may
not increase the incidence of myocardial injury in patients with normal preoperative
hs-cTnI. The decision on the timing of surgery may be tailored for each patient by
the consensus of surgeons, cardiologists, and anesthesiologists rather than by a strict
adherence to the guidelines.
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Appendix A

Table A1. Baseline Patient and Operative Characteristics after IPTW.

Weighted Cohort after IPTW

Early Surgery
(n = 28.3)

Late Surgery
(n = 105.5)

p-Value Test SMD

Age, year 66.91 (8.29) 68.11 (8.25) 0.533 0.145
Female 2.6 (9.3) 5.4 (5.1) 0.56 0.162
BMI, kg/m2 25.10 (2.68) 24.78 (3.18) 0.637 0.112
ASA PS ≥ IV 28.3 (100.0) 105.5 (100.0) NA <0.001
Nonvascular surgery 21.6 (76.3) 82.0 (77.7) 0.884 0.034
Emergency surgery 3.3 (11.6) 6.4 (6.1) 0.514 0.196
Etiology of stent insertion, angina pectoris 18.1 (63.7) 70.3 (66.6) 0.805 0.061
Use of any antiplatelets 28.3 (100.0) 105.5 (100.0) NA <0.001
Discontinued days of antiplatelets 4.97 (3.74) 3.70 (2.29) 0.214 0.409
Comorbidity
Diabetus Melitus 11.4 (40.1) 40.9 (38.8) 0.917 0.026
Hypertension 22.3 (78.7) 71.0 (67.3) 0.26 0.258
Chronic kidney diseases 1.3 (4.5) 8.1 (7.6) 0.605 0.131
Preoperative atrial fibrillation 1.3 (4.5) 6.9 (6.5) 0.728 0.087
Peripheral vascular diseases 4.6 (16.4) 18.5 (17.5) 0.899 0.030
Stroke or TIA 4.4 (15.4) 18.9 (17.9) 0.775 0.068

Values are presented as mean (standard deviation) or number (%). Early vs. Late surgery: surgical time from
coronary stent implantation within 6 months vs. after 6 months. IPTW, inverse probability treatment weighting;
SMD, standardized mean difference; BMI, body mass index; ASA PS, American Society of Anesthesiologist
Physical Status; TIA, transient ischemic event.
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Abstract: We aimed to determine if not using residual neuromuscular blockade (RNB) analysis to
guide neuromuscular blockade reversal administration in the postsurgical ICU resulted in conse-
quences related to residual weakness. This single-center, prospective study evaluated 104 patients
arriving in a postcardiac surgical ICU. After demonstrating spontaneous movement and T > 35.5 ◦C,
all patients underwent RNB evaluation, and neostigmine/glycopyrrolate was then administered.
When patients later demonstrated an adequate Rapid Shallow Breathing Index, negative inspiratory
force generation, and arterial blood gas values with minimal mechanical ventilatory support, RNB
evaluation was repeated in 94 of the 104 patients, and all patients were extubated. Though RNB
evaluation was performed, patients were extubated without considering these results. Eleven of
one hundred four patients had not achieved a Train-of-Four (TOF) count of four prior to receiving
neostigmine. Twenty of ninety-four patients demonstrated a TOF ratio ≤ 90% prior to extubation.
Three patients received unplanned postextubation adjunct respiratory support—one for obvious
respiratory weakness, one for pain-related splinting compounding baseline disordered breathing but
without obvious benefit from BiPAP, and one for a new issue requiring surgery. Residual neuromus-
cular weakness may have been unrecognized before extubation in 1 of 104 patients administered
neostigmine without RNB analysis. ICU-level care may mitigate consequences in such cases.

Keywords: Neuromuscular blockade reversals; neostigmine; residual neuromuscular blockade

1. Introduction

Standard anesthesiology teaching is to utilize residual neuromuscular blockade (RNB)
analysis at two points to guide the appropriate administration of agents to reverse neuro-
muscular blockades given intraoperatively. First, utilize it before administering reversal
agents to assure adequate spontaneous resolution of the blockade. Second, utilize it after
administering reversal agents to assure the blockade is sufficiently resolved before extubat-
ing. Though this is not universally the standard practice before extubating patients in the
intensive care unit (ICU), patient safety implications of postoperative residual weakness fol-
lowing neuromuscular blocking agent administration [1] are leading many to urge broader
incorporation of such standards [2]. This is based on observed consequences associated
with a lack of verifying chemical neuromuscular agent reversal prior to extubation in the
operating room [3].
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The purpose of this study was to evaluate the effectiveness at preventing weakness-
induced complications of utilizing neostigmine/glycopyrrolate without RNB analysis to
reverse chemical neuromuscular blockades in a surgical ICU.

2. Methods

2.1. Study Participants

The study was a prospective, single-center, observational study conducted at an
academic hospital 18-bed cardiac surgical ICU. The study was designed to incorporate
100 patients over two years as part of a quality improvement initiative, but the enrollment
period was extended due to COVID-19. Patients were eligible August 2017–February 2021
if they were admitted intubated to the ICU directly following sternotomy and heart surgery,
insertion of mechanical ventricular support, or heart transplantation, and had received
rocuronium and/or vecuronium and had not yet received chemical neuromuscular blocking
reversal agents. The ICU is administratively run by the Cardiac Surgical Department but
staffed by intensivists from the Departments of Cardiac Surgery, Anesthesiology and
Pulmonary Medicine. By practice, some intensivists prefer acetylcholinesterase inhibitors
nearly exclusively, while others prefer cyclodextrins to reverse chemical neuromuscular
blocking agents. Only patients receiving acetylcholinesterase inhibitors were eligible for
this study.

2.2. Baseline Characteristics and Follow-Up

All data except TOF information were extracted from the medical records. Difficult
laryngoscopy was defined by Cormack–Lehane Classification [4] >3 by direct laryngoscopy
or requirement for adjuvant instrumentation (e.g., bougie, indirect laryngoscopy). Renal
dysfunction was considered as baseline creatinine > 2.0. Patients at risk for hepatic dysfunc-
tion were considered those with a history of significant ETOH or illicit drug use, known
hepatitis of nonalcoholic fatty liver, chronic highly active antiretroviral therapy (HAART),
or increased likelihood of embolic disease from endocarditis. Postextubation respiratory
adjuncts were considered to be a use of simple nasal cannula oxygen > 6 L/min, simple face
mask oxygen > 6 L/min, high-flow nasal cannula, or noninvasive or invasive mechanical
support. Such adjuvant therapy was deemed to not be treating muscular weakness if it was
administered (1) as HFNC in order to supply epoprostenol for RV support; (2) as HFNC
for hypoxia in the setting of pH ≥ 7.35; (3) for a diagnosis of hypervolemia; (4) as planned
continuation of patient’s home OSA therapy; (5) in a patient who is able to stand. RNB
data were recorded separately as part of a quality improvement initiative.

2.3. Intraoperative and Perioperative Anesthesia

An opioid-sparing anesthetic plan was employed intraoperatively, as previously [5,6].
In short, this involved preinduction administration of acetaminophen (1000 mg) and
gabapentin (300–600 mg), intraoperative administration of ketamine (0.2–0.3 mg/kg/h)
and/or dexmetetomidine (0.2–1.5 mcg/kg/h, titrated to hemodynamic and sedation
goals), and rare use of regional nerve block (Serratus Anterior Plane block). ICU seda-
tion was based predominantly on dexmetetomidine (0.2–1.5 mcg/kg/h) and/or propofol
(10–50 mcg/kg/min). Narcotic supplementation per provider choice included fentanyl
(≤250 mcg) or hydromophone (≤2 mg) intraoperatively and fentanyl (≤200 mcg) or hydro-
morphone (≤1 mg) postoperatively prior to extubation. The postoperative sedation target
was typically to maintain hemodynamics but minimize spontaneous movement until chest
tube bleeding < 150 mL/h was achieved. At this point, sedation was lightened to achieve
calm response to commands. After neostigmine administration (see below), sedation was
severely limited or completely stopped in an effort to promote awakening and evaluation
of extubation readiness.

Intraoperative muscle relaxant was administered per provider discretion but rarely
guided by quantitative RNB evaluation. Intraoperative temperature control typically in-
volves “drifting” and active cooling rarely to a low of ≥33 ◦C during cardiopulmonary
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bypass. After cardiopulmonary bypass, patients were actively warmed to 35 ◦C (blad-
der temperature) before separating cardiopulmonary bypass. They continued active
warming to 36.5 ◦C in the operating room and in the ICU and did not receive neostig-
mine/glycopyrrolate until a bladder temperature of 36 ◦C was achieved.

2.4. Neostigmine Administration

Midlevel providers (nurse practitioners and physician assistants) dosed neuromuscu-
lar reversal agents when hemodynamic lability and bleeding were resolved (<150 mL/h),
the patient has achieved T ≥ 35.5 ◦C, and has demonstrated some spontaneous movement
(eg. extremity movement, respiratory effort). The typical reversal dose is 0.05–0.07 mg/kg
neostigmine and 0.01–0.015 mg/kg glycopyrrolate.

2.5. Residual Neuromuscular Blockade Assessment

RNB was objectively assessed using STIMPOD NMS450 acceleromyograph, with leads
over the ulnar nerve at the wrist and an accelerometer on the thumb, with the observer
placing three of his/her fingers between the thumb and index finger of the patient to apply
a mild “stretch”. A Train-of-Four (TOF) stimulation with 60 mV at a 2 Hz frequency was de-
livered, with each twitch corresponding to a bar on the monitor display. For those achieving
a Train-of-Four Count (TOFC) of 4, relative acceleration of 4th vs. 1st twitch (displayed in
percentage) was indicated and used as Train-of-Four ratio (TOFR). Assessment was at two
time points—once immediately before the delivery of chemical reversal agents for neuro-
muscular blockers and once before extubation. The second assessment ideally occurred as
close to the point of extubation as comfortably possible for the patient (i.e., before propofol,
dexmetetomidine, fentanyl, and/or hydromorphone was completely removed) but at least
25 min after delivering the reversal agent. Residual blockade assessment was performed
by midlevel providers who were unfamiliar with their interpretation or significance. These
providers were nurse practitioners with a master’s or doctorate degree in nursing. Each
demonstrated proficiency at the time of accelerometer use instruction, was intermittently
reminded of proper use, and could refer to pictures on the accelerometer storage case for
proper use.

2.6. Extubation Timing

Extubation timing was determined by demonstration of acceptable arterial blood gas
values (pH > 7.30, PaCO2 mmHg < 50, PaO2 > 70 mmHg, HCO3 > 17 meq/L) and Rapid
Shallow Breathing Index (RSBI) ≤ 80, NIF more negative than −20 cm H2O, and FVC
8–10 mL/kg [7] after the patient had been on a pressure support of 5 cm H2O, positive
end-expiratory pressure of 5 cm H2O, and FiO2 0.4 for ≥30 min. The results of the RNB
evaluation did not inform the decision to extubate.

3. Results

Patient Population: 104 intubated patients (30 Female and 74 male, 63.3 ± 11.7 years old)
admitted directly to the ICU following sternotomy and cardiac surgery having not received
reversal agents for neuromuscular blockade were admitted to the study (Table 1). Ninety-
four patients underwent RNB evaluation both pre-neostigmine administration and pre-
extubation. One of these patients had a pre-neostigmine TOFR of 73% and a pre-extubation
TOFC 4 recorded, but the post TOFR was not recorded. In an additional 10 patients,
providers failed to perform RNB at the post-neostigmine administration time point. No
patient required active intraoperative cooling below 33 ◦C (e.g., circulatory arrest).
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Table 1. Surgical Procedures: CAB Coronary Artery Bypass, Valve aortic valve, mitral valve and/or
tricuspid valve procedure, AoV Aortic Valve, MV Mitral Valve, TV Tricuspid Valve, AscAo/AoRoot
Ascending Aorta and/or Aortic Root, and Arch Aortic Arch.

CAB CAB/Valve AoV MV TV AscAo/AoRoot Arch Other

58 3 13 13 3 6 2 6 *

* MV/TV × 1, MV/AoV × 1, ASD × 1, LVAD × 2, Ht Transplant × 1.

Patient Characteristics: Of the 104 patients, 96 received only rocuronium, 7 received only
vecuronium, and 1 received both rocuronium and vecuronium. The timing and quantity of
rocuronium dosing and neostigmine dosing, as well as the timing of RNB evaluation, are
shown in Table 2. At RNB evaluation prior to neostigmine/glycopyrrolate administration,
93 of 104 patients demonstrated TOFC 4 and generated a TOFR by acceleromyography.
Of the remaining 11 patients, 6 demonstrated TOFC < 2 and 5 demonstrate TOFC 2 or 3
(Figure 1a).

Table 2. Dosing Rocuronium and Timing of RNB Evaluation, IQR Interquartile Range, NMBA
Neuromuscular Blocking Agent, RNB residual neuromuscular blockade.

Rocuronium
(mg/kg)

Final NMBA
Dose-1st TOF

Interval (h)

Neostimine
(mg/kg)

Final RNB
Evaluation—Extubation

Interval (h)

1.6 5.1 0.045 1.5

IQR 0.6–1.9 3.25–6.75 0.037–0.051 0.12–1.5

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. (a)—RNB pre-neostigmine administration—histogram indicating number of patients at
each Train-of-Four Count (TOFC) or Train-of-Four Ratio (TOFR) as their level of residual neuro-
muscular blockade (RNB) when analyzed at the preneostigmine administration time point. Total
number of patients evaluated = 104. (b)—RNB pre-extubation—histogram indicating number of
patients at each Train-of-Four Count (TOFC) or Train-of-Four Ratio (TOFR) as their level of residual
neuromuscular blockade (RNB) when analyzed at the pre-extubation time point. Total number of
patients evaluated = 94.

Of the 104 patients, 94 underwent RNB evaluation prior to extubation (Figure 1b). Two
of these patients had only qualitative (i.e., TOFC) RNB data recorded—one because the pre-
extubation TOFC < 4 prohibited acceleromyography and one with a pre-extubation TOFC
4 but no acceleromyography data recorded. Figure 2 shows the relationship between RNB
preneostigmine and RNB pre-extubation in 93 of the 94 patients, with evaluations recorded
at both time points. (The patient with a pre-extubation TOFC 4 but no recorded TOFR
was excluded.) Of the 93 patients, 10 had pre-neostigmine TOFC < 4 and only qualitative
NMB analysis, while 83 had pre-neostigmine TOFC 4 and could therefore have quantitative
NMB analysis (i.e., acceleromyography) pre-neostigmine administration. Six of the ten
patients (60%) with pre-neostigmine TOFC < 4 failed to achieve TOFR ≥ 90% prior to
extubation. Fifteen of the eighty-two patients (18%) with TOFC 4 and acceleromyography
on pre-neostigmine evaluation failed to achieve TOFR ≥ 90% prior to extubation.

The prevalence of patient factors that may compromise post-extubation respiratory
mechanics (limited mobility/high inotrope requirement/IABP/OSA) are also listed (Sup-
plemental Information).
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Figure 2. Relation of RNB pre-neostigmine vs. pre-extubation—dot plot indicating the pre-extubation
accelerometry level achieved as a function of the level of residual neuromuscular blockade (RNB)
present at the time of neostigmine administration. X-axis indicates the patients achieving various
levels of Train-of-Four Count (TOFC) or Train-of-Four Ratio (TOFR) at the pre-neostigmine adminis-
tration time point. Y-axis indicates the accelerometry level achieved at the pre-extubation time point
for individual patients within each pre-neostigmine level of TOFC or TOFR. Accelerometry level of
“0” indicates patients whose pre-extubation RNB was less than TOFC 4 and therefore could not be
quantified by acceleromyograhphy. Ninety-three of ninety-four patients had RNB values obtained
at both pre-neostigmine and pre-extubation time points. One excluded patient had post-extubation
TOFC 4 but no indication of TOFR associated with this.

3.1. Patients Receiving Unplanned Postextubation Pulmonary Adjunct Support

Three patients received unplanned mechanical ventilatory adjunct support (noninva-
sive and/or invasive) following extubation. One patient received an unplanned postop
regimen of BiPAP alternating with 6l n/c without obvious benefit that began after a planned
nighttime BiPAP trial was poorly tolerated. This patient had a BMI of 36.7 and was non-
compliant with home BiPAP for known paradoxical breathing. The patient demonstrated
a pre-neostigmine TOFR of 68% prior to receiving 0.05 mg/kg neostigmine/0.01 mg/kg
glycopyrrolate. Pre-extubation RNB evaluation was TOFR 70%. The patient was extubated
7.17 h following neostigmine administration with NIF −28 cm H2O, a vital capacity of
0.63 L, 7.32/45 mmHg/82 mmHg/23 meq/L, and a positive cuff leak but no RSBI recorded
on minimal ventilator support.

An arterial blood gas 75 min post-extubation showed 7.33/45 mmHg/90 mmHg/
23 meq/L. A planned trial of BiPAP for sleep began 5.5 h following extubation, but pa-
tient intolerance and a satisfactory blood gas prior to initiating the trial (7.30/48 mmHg/
82 mmHg/23) led to aborting this plan. Unfortunately, the patient’s respiratory acidosis
progressed, and the patient began intermittent BiPAP (IPAP 10 cm H2O/EPAP 5 cm H2O,
FiO2 0.4; 2–3 h periods of BiPAP interrupted by 2–3 h periods of 6l n/c) beginning ~12 h
following initial intubation. Poor tolerance of BiPAP resulted in a lack of perceived effect
(typical ABG off/on BiPAP was similar at ~7.26/52 mmHg/94 mmHg/23 meq/L), in spite
of gradually increasing support intensity during the periods it was being applied (IPAP
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16 cm H2O/EPAP 5 cm H2O). All attempts at daytime BiPAP, as well as any blood gas
analysis, ended ~60 h following initial extubation. At this point, empiric nighttime BiPAP
was utilized without evaluation as to its effectiveness.

A second patient who received unplanned post-extubation BiPAP had undergone
ascending aortic aneurysm repair and left atrial appendage closure, with TEE showing an
LVEF of 35–40% on epinephrine 0.05 mcg/kg/min/norepinephrine 0.05 mcg/kg/min fol-
lowing CPB. This patient had a pre-neostigmine TOFR of 61% prior to receiving 0.04 mg/kg
neostigmine/0.01 mg/kg glycopyrrolate. No pre-extubation RNB evaluation was per-
formed. The patient was extubated 3.17 h following neostigmine administration with NIF
36 cm H2O, RSBI 48 br/min/L), vital capacity of 1.25 L, and 7.35/58 mmHg/134 mmHg/
31 meq/L on minimal ventilator support.

A venous gas 2 h post-extubation showed pH 7.27/70 mmHg/50 mmHg/31 meq/L
on 6 l n/c, resp. rate of ~20–22 persistently postop, GCS of 10 persistently postop, and no
narcotics other than 50 mcg fentanyl on arrival. At 5 h following extubation, the patient
was placed on BiPAP (iPAP 10 cm H2O/EPAP 5 cm H2O) after arterial 7.24/76 mmHg/
160 mmHg/32 meq/L. On BiPAP, ABG recovered to 7.36/54 mmHg/109 mmHg/30 meq/L.

A third patient was reintubated. This patient had a history of bilateral iliac stenting,
left carotid-subclavian bypass, and right femoral->axillary bypass. The present surgery was
aortic arch repair with aortic debranching (aorta to right carotid, aorta to left carotid, and
aorta to left subclavian) and CAB (LIMA->LAD). This patient had a TOFR of 88% prior to
administration of 0.05 mg/kg neostigmine/0.01 mg/kg glycopyrrolate. No pre-extubation
RNB evaluation was performed. However, the patient demonstrated a NIF of −40 cm H2O,
a Rapid Shallow Breathing Index of 48 br/min/L, a spontaneous respiratory rate of 18, a
vital capacity of 0.73 L, positive cuff leak, and a blood gas of 7.44/41 mmHg/97 mmHg/
27 meq/L on PS 5 cm H2O, PEEP 5 cm H2O, and FiO2 0.4 at 30 min prior to extubation.
She was, unfortunately, in the early stages of developing a fever when extubated (temp
38 ◦C, up 0.4 ◦C from 15 min earlier) and deteriorated 110 min after extubation to BiPAP
support for fever (38.8 ◦C), respiratory failure (7.24/63 mmHg/72 mmHg/25 meq/L), and
eventual intubation 11 h after extubation to return to the operating room for RLE occlusive
thrombus.

No patient receiving unplanned supplemental respiratory care had suspected renal
or hepatic dysfunction. Two patients had creatinine > 2.0. One, with cr 2.4, had a pre-
extubation TOF4 of 110%. One, with cr 3.4, had a pre-extubation TOFr of 155%. One, with
cr 2.7, had a pre-neostigmine TOF4 of 97%. None had post-extubation issue.

3.2. Patients Receiving Planned Postextubation Pulmonary Adjunct Support

Of the 94 patients having documented RNB evaluations both pre-neostigmine and
pre-extubation, 10 received post-extubation adjunct pulmonary care as part of a care plan
prepared prior to extubation (Supplemental Information). The reasons included (1) HFNC
as part of a protocol to deliver epoprostenol for right ventricular afterload (n = 3); (2) HFNC
in a patient with arterial pH > 7.35 (n = 3); (3) HFNC felt due to hypervolemia (n = 2); and
(4) extubation on the patient’s home CPAP/BiPAP settings as part of pre-ordained plan
(n = 2). Only 1 of the 10 demonstrated a pre-extubation RNB < TOFR of 90%. Their pre-
extubation RNB was a TOFR of 56%. They underwent planned extubation to epoprostenol
via high-flow nasal cannula to reduce afterload on a dysfunctional right ventricle.

4. Discussion

Our study was designed to determine whether not using RNB analysis to guide
administration of chemical neuromuscular blockade reversal in a postsurgical ICU resulted
in consequences related to residual weakness. Of the 104 patients evaluated, 3 patients
received unplanned adjunct respiratory care. In at least one of these cases, this unplanned
respiratory care (BiPAP) likely reversed progressive respiratory decline related to weakness
and possibly prevented reintubation.
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Using observed spontaneous patient movement as the trigger to administer acetyl-
cholinesterase inhibitor to reverse chemical neuromuscular blockade, we failed to recog-
nize that ~12% of patients demonstrated a TOFC < 4, and an additional ~11% of patients
demonstrated a TOFR < 40% prior to neostigmine administration. A TOFR of 40% is the
minimum level of spontaneous recovery acceptable for antagonism with neostigmine [8–11].
Furthermore, subjective evaluation failed to recognize that 6% of patients had not yet spon-
taneously recovered to a TOFC ≥ 2 and that 3% had not yet even recovered to a TOFC ≥ 1.
The 2 mg/kg sugammadex dose is Food and Drug Administration (FDA)-approved to
antagonize residual rocuronium or vecuronium blockade of TOFC ≥ 2. For TOFC 1 or
TOFC 0, sugammadex dosing of 4 mg/kg or 16 mg/kg is FDA-recommended. Neglecting
to quantify RNB prior to administering reversal therefore risks not only the inappropriate
use of neostigmine but also the inappropriate dosing of sugammadex.

The observed 11% TOFC < 4 at the time of pre-neostigmine dosing was surprising
in that the time from the most recent neuromuscular blockade dosing was long (5.1, IQR
3.1–6.4 h), and the rocuronium dosing was not excessive (1.6, IQR 0.6–1.9 mg/kg). Though
renal and hepatic functions are critical to the metabolism of rocuronium and vecuronium,
renal failure was uncommon, and hepatic failure was nonexistent in our patients pre-
operatively. Hypothermia can decrease neostigmine efficacy [12], increase rocuronium
effectiveness [13], and prolong the metabolism of nondepolarizing neuromuscular block-
ing agents [14,15]. Though our patients were warmed to ≥36 ◦C before neostigmine
administration, most were <34 ◦C for at least 35% of their intraoperative course. Im-
proper accelerometer utilization is possible, though the providers utilizing them had been
individually trained and demonstrated proficiency before unsupervised use.

Although 23% of our patients demonstrated RNB above the level recommended before
extubation (i.e., TOFR 90%), only 1 of our patients received unplanned pulmonary adjunct
care for what was likely RNB. This could, in part, be due to ICU protocols that may help
identify those whose RNB is truly dangerous, delaying extubation until RNB is resolved, or
even treating patients for RNB. These protocols include evaluating spontaneous breathing
patterns and verifying adequate gas exchange with minimal mechanical ventilator support
prior to extubation [16], patient positioning, and aggressive pulmonary toilet following ex-
tubation, as well as deliberate down-titration of supplemental oxygen support. Compared
with many intraoperative scenarios, ICU providers may feel less compelled to urgently
extubate patients. This can result in more time being taken to assure RNB resolution
prior to extubating patients whose capacity for pulmonary toileting may be limited by
positioning restrictions or for whom reintubation is anticipated to be challenging. In our
group, 8 patients arrived in the ICU with IABP, and 6 additional patients had known or
suspected difficult airways. Furthermore, adjunct respiratory support for purposes other
than recognized RNB may simultaneously avoid weakness-related decompensation. One
of the ten patients receiving planned adjunct respiratory care in our study demonstrated a
pre-extubation TOFR of 56%. The epoprostenol they received via high-flow nasal cannula
as part of a planned intervention to reduce right heart afterload may simultaneously have
protected against hypoxemia from unrecognized RNB. Finally, ICU-level surveillance iden-
tified the need for adjunct mechanical support in at least three patients with unanticipated
progressive post-extubation respiratory acidosis.

Some use post-extubation hypoxemia as a marker of residual neuromuscular block-
ade [17,18]. Given the multiple potential causes of post-extubation residual A-a gradient in
the early post-CPB period, such as hypervolemia [19], systemic inflammatory response [20],
and infection [21], hypoxemia in patients capable of standing was considered unrelated to
neuromuscular weakness. Nevertheless, the expectation of post-extubation A-a gradient
may actually increase the importance of achieving full reversal of chemical neuromuscular
blockades. Neuromuscular blocking agents blunt the hypoxic drive in animals [22] and
in humans [23]. This attenuated drive is not immediately normalized with complete re-
versal of chemical neuromuscular blocking agents achieved with either neostigmine or
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sugammadex [24]. It is tempting to speculate, however, that an earlier return baseline
neuromuscular junction activity would hasten normalization of this chemoreflex.

Quantification of RNB is neither fool-proof nor cost-free. We chose an acceleromyo-
graph with objective quantification of twitch ratio because it is more sensitive than sub-
jective evaluation in detecting postoperative RNB [3,25]. However, RNB evaluation re-
quires repetitive evaluation [26,27], assurance of adequate preload [25], and utilization in
a sleeping patient [26] for optimized sensitivity and specificity. Of the 93 patients having
pre-extubation NRB evaluation that included documented acceleromyography when ap-
propriate, 7 had pre-extubation RNB evaluation performed within 10 min of extubation (i.e.,
patient likely awake) (data not shown). Even with attention to these performance measures,
acceleromyography may overestimate neuromuscular recovery [28,29]. Furthermore, sub-
jective distress can precede objective decline [30], and subtle risks to airway integrity may
be an inherent risk to administration of neuromuscular blocking agents in that they persist
even if extubated at a TOFR of ≥90% [31]. Additionally, a simple TOF nerve stimulator
costs ~USD 350, while the acceleromyograph used in our study costs ~USD 2450.

Our study was small and did not address the newly appreciated potential for long-
term consequences of residual neuromuscular blockades in susceptible patients such as
the elderly [32]. Importantly, our study was carried out by the bedside providers rather
than a separate study team. Providers were unaware of the significance of RNB evaluation.
Providers found it cumbersome to locate equipment and perform pre-extubation RNB
evaluation at a time close enough to the time of extubation to represent recovery, yet while
the patient was still receiving adequate sedation and assuring free movement of the hand
and fingers. Easily available RNB evaluation equipment, utilizing equipment with repeated
reminders of appropriate technique, and provider understanding of its importance will
facilitate provider adoption of RNB evaluation, albeit balanced by equipment cost.

5. Conclusions

In 104 post-cardiac-surgery ICU patients, RNB was reversed with neostigmine/
glycopyrrolate administered after patients achieved T > 35.5 ◦C and were observed making
spontaneous respiratory and/or extremity movement efforts. Residual neuromuscular
weakness may have been unrecognized before extubation in at least 1 patient, but ICU-level
care likely mitigated the consequences.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12093253/s1, Supplemental Information.

Author Contributions: A.C., R.C., K.C., S.D., J.D., K.L., A.R., J.P., K.P., L.R., M.S., E.S., M.T. and J.T.
performed and documented the TOF studies and results. J.M.D.-o. designed the study, collected and
interpreted data, performed statistical analysis, and drafted the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Informed consent was waived by the Johns Hopkins Medical
Institution Review Board (IRB00122222, approved 7 October 2017), and all methods and experimental
protocols were approved by the Johns Hopkins Medical Institution Review Board (IRB00122222,
approved 7 October 2017) and performed in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets are available from the corresponding author on reasonable
request.

Acknowledgments: We wish to thank Dr. Michael Todd for his invaluable editorial support.

Conflicts of Interest: The authors declare no competing interest.

375



J. Clin. Med. 2023, 12, 3253

Abbreviations

ICU Intensive Care Unit
TOFC Train-of-Four Count
TOFR Train-of-Four Ratio
RV Right Ventricle
HFNC High-Flow Nasal Canula
CPAP Continuous Positive Airway Pressure
BiPAP Bilevel Positive Airway Pressure
OSA Obstructive Sleep Apnea
CAB Coronary Artery Bypass
MV Mitral Valve
TV Tricuspid Valve
LVAD Left Ventricular Assist Device
ASD Atrial Septal Defect
AscAo Ascending Aorta
AoRoot Aortic Root
IABP Intra-aortic Balloon Pump
OR Operating Room
RSBI Rapid Shallow Breathing Index
BMI Body Mass Index
SD Standard Deviation
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Abstract: Scoliosis is the most frequent spinal deformity in children. It is defined as a spine deviation
of more than 10◦ in the frontal plane. Neuromuscular scoliosis is associated with a heterogeneous
spectrum of muscular or neurological symptoms. Anesthesia and surgery for neuromuscular scoliosis
have a higher risk of perioperative complications than for idiopathic scoliosis. However, patients
and their relatives report improved quality of life after the surgery. The challenges for the anesthetic
team result from the specifics of the anesthesia, the scoliosis surgery itself, or factors associated with
neuromuscular disorders. This article includes details of preanesthetic evaluation, intraoperative
management, and postoperative care in the intensive care unit from an anesthetic view. In summary,
adequate care for patients who have neuromuscular scoliosis requires interdisciplinary cooperation.
This comprehensive review covers information about the perioperative management of neuromus-
cular scoliosis for all healthcare providers who take care of these patients during the perioperative
period, with an emphasis on anesthesia management.

Keywords: neuromuscular scoliosis; anesthesia; total intravenous anesthesia; children; spondylo-
surgery; spine

1. Introduction

Scoliosis is the most common spinal deformity in children. It is an abnormal lat-
eral deviation of the spine, greater than 10◦ in the frontal plane. The lateral curvature
is typically in combination with deviation in the sagittal plane (hyper/hypokyphosis or
hyper/hypolordosis) and vertebral rotation [1,2]. The pathophysiological effect of scol-
iosis is complex and multiorgan. Besides musculoskeletal disturbances, cardiovascular,
pulmonary, or psychosocial effects are described [1–4]. Scoliosis is categorized according to
the etiology. The most frequent types include idiopathic (80%), congenital, and neuromus-
cular scoliosis [1,3]. Neuromuscular scoliosis, scoliosis associated with any neuromuscular
syndrome, can be followed by alterations of vital functions by underlying diseases. Pa-
tients are at higher risk of curve progression to a significant deviation, which can lead to
ventilation/perfusion (V/Q) mismatching, respiratory failure, and cor pulmonale [3,5–7].
The surgical correction of any scoliosis is indicated to prevent curve progression or the
progression of restrictive lung disease. Other indications, especially in neuromuscular
scoliosis, include improving posture and nursing care. Although there is a higher rate of
perioperative complications in neuromuscular scoliosis surgery, patients and their relatives
report improvements in quality of life after the surgery [7–9].
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Scoliosis surgery is a major surgery associated with a high possibility of serious compli-
cations, particularly in patients with neuromuscular scoliosis. According to our experience,
the management of patients undergoing surgery for idiopathic scoliosis is well described in
many articles. This narrative review is focused on the differences and specifics of pediatric
patients with neuromuscular scoliosis. Our goal is to bring relevant and comprehensive
information to all perioperative team members, such as anesthesiologists, pediatricians,
surgeons, or neurophysiologists, since interdisciplinary cooperation could be crucial for
the patient outcome. We highlight the challenges both in the perioperative management
of scoliosis surgery itself and in high-risk anesthesia for patients with neuromuscular
disease [9–11].

2. Methods

The main limitation for the research was the diversity and rareness of some neuromus-
cular syndromes and the fact that neuromuscular scoliosis correction is a serious surgery but
also a marginal topic requiring specialized care. For this reason, we choose an extended time
frame of 1995–2022. The Google Scholar (https://scholar.google.com, Access time: 1–31
August 2022) [12], PubMed (https://pubmed.ncbi.nlm.nih.gov/, Access time: 1–31 August
2022) [13], Embase (https://www.embase.com/, Access time: 1–31 August 2022 [14] and
Web of Science databases (https://www.webofscience.com/wos/author/search, Access
time: 1–31 August 2022) [15] were used to search the literature. The aim was to map the
whole perioperative process (preanesthetic assessment, anesthesia, and postoperative care).

We used a combination of terms, such as “anesthesia”, “anesthetic management”, “neu-
romuscular disease”, neuromuscular disorders”, “neuromuscular scoliosis”, “pediatric”.
Besides this, we focus on specific issues in each section of this article.

Preanesthetic assessment Medical Subject Headings (MeSH) terms: “airway manage-
ment”, “respiratory functions examination”, “cardiovascular examination”, “neurological
examination”, invasive access”, “nutrition”, “prehabilitation”.

Anesthesia and intraoperative MeSH terms: “air embolism”, “blood management”,
“intraoperative neurophysiological monitoring”, “malignant hyperthermia”, “orphananes-
thesia”, “perioperative monitoring”, “prone position”, “rhabdomyolysis”, “temperature
management”, “total intravenous anesthesia”, “vital functions monitoring”.

Postoperative care MeSH terms: “intensive care unit”, “postoperative care”, “res-
piratory insufficiency”, “ventilator weaning”, “hemodynamic monitoring”, “emergence
delirium”, “pain management”, “postoperative pain”, “fluid therapy”, “acute kidney in-
jury”, “nutritional support”, “postoperative hemorrhage”, “postoperative complication”,
“postoperative wound infection”, “rehabilitation”.

3. Results

3.1. Preanesthetic Assessment

The preanesthetic evaluation requires a multidisciplinary approach. An integral part
of this assessment is the identification of decompensated functions or organ reserves that
could bring possible perioperative complications and its maximal preoperative optimiza-
tion [9,10]. Anesthesiologists should individually consider the extent of preoperative testing
according to the risks and benefits, scoliotic curvature severity, mental state or physical
status with comorbidities, and type of planned surgical technique. The administration of
pharmaceutical premedication has to be considered individually in patients with neuromus-
cular disorders. There are no precise data about dose restriction; it should be decided with
respect to the neurological status and other associated aspects, such as the vagus stimulator,
Lioresal pump, or severity of lung disease [10,16–18]. We list the specifics of preanesthetic
assessment divided according to the ABCDE approach. This represents a widely respected
approach to seriously ill patients, including the pediatric population. This approach could
be used to anticipate and systematically prevent life-threatening complications [19].
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3.1.1. Airways

Difficult airway management should be expected with a higher rate in patients with
neuromuscular disorders as some syndromes are associated with facial dysmorphism,
abnormal habitus, or limited mobility, especially limited neck mobility [17,19]. Anes-
thesiologists should search for risk factors for difficult airway management during the
preanesthesia visit and prepare for airway securing, including advanced airway techniques
such as video laryngoscopy or awake fiber optic intubation [20–22].

3.1.2. Breathing

The evaluation of respiratory function should be extended to chest X-radiation (X-ray),
peripheral capillary oxygen saturation (SpO2) measurement, and pulmonary function tests
such as spirometry. Chest X-ray can provide information about airway deviations or signs
of recurrent gastric content aspiration [10,18]. Spirometry quantifies the type and severity
of lung dysfunction, typically restrictive lung disease. However, a development delay may
impair the feasibility of spirometry. Severe restrictive lung disease (forced vital capacity
<50% of normal values in patients with muscle weakness and symptoms of hypoventilation,
or forced vital capacity <30% of normal values without muscle weakness) predicts a higher
risk of respiratory complications such as pneumonia or prolonged weaning from ventilatory
support [10,23]. Another method to determine high-risk patients (when spirometry is not
available) is carbon dioxide monitoring during sleeping. However, this method is unreliable
to detect hypoventilation and it is not preferred nowadays. Non-invasive bioelectrical
impedance is available for clinicians. These monitors measure the tidal volume, minute
ventilation, or respiratory rate to detect hypoventilation. It is essential to reduce the risk
of perioperative complications and respiratory failure by optimizing respiratory function.
Prehabilitation in cooperation with physiotherapists and pneumologists can improve
patients’ outcomes. This prehabilitation includes preoperative training in non-invasive
ventilation or assisted coughing [23–25].

3.1.3. Circulation

Electrocardiography (ECG) is a standard part of preoperative assessment that can
detect arrhythmias potentially associated with autonomic dysfunction [9–11]. Careful car-
diologist examination with echocardiography is recommended in patients with myocardial
dysfunction, because many neuromuscular syndromes are associated with heart disease,
such as cardiomyopathy, valve disease, congenital heart disease, or limited stress tolerance.
Preoperative cardiologic evaluation should be suggested in patients without myocardial
dysfunction if pulmonary hypertension is suspected [10,20,26,27].

3.1.4. Disability (Neurology)

The neurological examination must provide a precise diagnosis with the known
pathophysiology of a neuromuscular disorder. It helps with individualized anesthesia
planning, which should reduce the risk of many anesthetic complications (see below). Exact
neurological status description is suitable for juridical reasons, in case of postoperative
neurological deficit development [27]. In addition, neurological deficit description helps
with physiotherapy planning [26,27]. Epilepsy is diagnosed more frequently in patients
with neuromuscular disorders [28]. Actual electroencephalography (EEG) should be con-
sidered, and perioperative antiepileptic drug administration must respect neurologist
recommendations, taking into account possible interactions with anesthetic drugs [26,27].

3.1.5. Exposure (Environment)

Signs of difficult invasive access and suitable places for cannulation should be actively
searched for. The signs of difficult access include muscle contractures or abnormal body
proportions [27]. Other specific examinations should be indicated individually, e.g., nutri-
tionists’ recommendations in patients with signs of malnutrition [9,29]. Except for standard
blood tests, plasma levels of myoglobin or creatine kinase should be obtained. These
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markers are often altered in patients with neuromuscular disease. However, plasma levels
before surgery are helpful to determine the baseline and monitor these levels’ dynamics
after surgery when suspecting rhabdomyolysis development [27,30,31].

3.2. Anesthesia and Intraoperative Management

Anesthesia for neuromuscular scoliosis is a challenge for the anesthetic team. Intraop-
erative management is specific and unique due to neuromuscular disease in children with
its possible associated complications, such as intraoperative neurophysiological monitor-
ing (IONM), high blood loss, patient positioning—typically pronation—fluid shift, long
surgical times, and body temperature loss [10,27,31].

3.2.1. Anesthetic Management

Anesthesia and the choice of anesthetic drugs have to respect the pathophysiological
category of the syndrome. Data on orphan syndromes are scarce. However, anesthesiolo-
gists can obtain information about the syndromes and anesthetic management from internet
sources, e.g., published unique case reports, Orphananesthesia [32]. Total intravenous
anesthesia (TIVA), most often the combination of propofol and remifentanil, is the most
suitable and safe method, especially in the case of IONM. It requires a sufficient intravenous
(IV) line. However, cannulation can be difficult due the joint contractures or abnormal
habitus [33,34]. The indication of a central venous catheter should be considered individu-
ally according to the comorbidities and expectation of the need for vasopressors [10,27].
Ultrasound-guided cannulation can reduce the incidence of unsuccessful attempts and
also increases the safety of the procedure [10,20]. Depth of anesthesia monitoring is rec-
ommended for TIVA to prevent overdosing and shorten the time of awakening after the
surgery [10,18,27].

Non-depolarizing muscle relaxants can be administered safely. The effect of these
drugs is variable, typically prolonged in patients suffering from neuromuscular disorders.
Therefore, any administration of neuromuscular blocking agents should be followed by
monitoring of the depth of neuromuscular blockade [26,27,32]. Rocuronium with available
antagonist sugammadex represents a safe combination to provide complete recovery after
the blockade and allow reliable IONM [35].

Anesthesia and vital functions should be managed individually with consideration
of the age and comorbidities of each patient. The aim of ventilation and oxygenation
is normoxia and normocapnia [9,10]. Anesthesiologists can manage perioperative vital
functions according to vital function levels mentioned in the European Pediatric Advanced
Life Support (EPALS) Guidelines 2021 [36]. The target blood pressure is not strongly
recommended in children during scoliosis surgery. However, some data recommend
maintaining a mean arterial blood pressure (MAP) near 65 mmHg, but approximately
the fifth percentile of the mean and systolic arterial blood pressure for the relevant age
group can be used safely. Transesophageal echocardiography should be considered in
high-risk patients, e.g., patients with myocardial dysfunction or pulmonary hypertension.
In addition, intraoperative transesophageal echocardiography helps to evaluate the volume
status and manage goal-directed fluid therapy [10,33,37].

3.2.2. Neuromuscular Disease and Associated Complications—Malignant Hyperthermia
and Rhabdomyolysis

Perioperative complications in patients with neuromuscular syndrome are observed
at a higher rate compared to patients without neuromuscular disorders [9]. The most
severe complications are malignant hyperthermia (MH) and rhabdomyolysis. Their devel-
opment depends on the pathophysiology category of concrete neuromuscular disease, e.g.,
myopathies represent a high risk for MH or rhabdomyolysis [38].

MH is a syndrome caused by the hypermetabolic response with increased carbon
dioxide production to suxamethonium or volatile anesthetics exposure. Early diagnosis
and treatment with cooling of the patient are essential. It is recommended to use local pro-
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tocols (personalized guidelines with particular locations of, e.g., dantrolene and emergency
numbers) for the treatment of malignant hyperthermia. These protocols should be available
in the operation room, where surgeries for high-risk patients are performed. To manage
the crisis, the elimination of triggers (mentioned anesthetic drugs), hyperventilation with
100% oxygen, treatment of hyperkalemia (calcium administration for membrane stabiliza-
tion, salbutamol, and insulin/glucose administration for kalemia reduction) are necessary.
Dantrolene administration and symptomatic therapy, such as arrhythmia treatment, should
be managed according to the actual guidelines [38–40].

Rhabdomyolysis is a condition associated with muscle damage. Myoglobin, potas-
sium, and creatine kinase are released from the intracellular space [41]. Rhabdomyolysis
was described after succinylcholine or volatile anesthetics exposure as anesthesia-induced
rhabdomyolysis. Moreover, it was reported after muscle injury during a long surgery with
inadequate patient positioning [38,42]. The differential diagnosis of MH can be complicated,
and both syndromes can initially present with similar clinical signs. Rhabdomyolysis is
typical of hyperkalemia, creatine kinase elevation, or myoglobinuria with “cola-colored
urine”. Myoglobinuria can be monitored postoperatively. Therapy has to focus on hyper-
kalemia treatment, hyperventilation with 100% oxygen, the prevention of acute kidney
injury development, volume therapy, and the elimination of triggers [38,41,42].

3.2.3. Intraoperative Neurophysiological Monitoring

IONM represents an important and, in recent years, rising method for neural structure
injury monitoring. Anesthetic management, including oxygenation, ventilation, massive
blood loss, or hypotension, can influence the IONM reproducibility. IONM reproducibility
can be limited in patients with neuromuscular disorders. The anesthetic team has to
create the best conditions for IONM. The most common anesthetic technique is TIVA,
typically in a combination of propofol and remifentanil. This combination is suitable for
patients with neuromuscular disorders and allows early awakening from anesthesia if
surgeons require the wake-up test. Other intravenous agents can be applied considering
their adverse effect profiles and contraindications. Modern trends show the use of ketamine
in combination as a co-analgesic, which reduces the total dose of propofol and remifentanil.
All neuromuscular relaxants interfere with motor evoked potential (MEP) monitoring.
They are administered in the phase of induction to the anesthesia to facilitate airway
securing. Other anesthesiological aspects include maintaining normoxia with normocapnia,
preventing severe hypothermia (more than 2.5 ◦C from the baseline), and ensuring adequate
blood flow to the spinal cord. This means maintaining normotension during surgery (see
above), namely increasing MAP above 85 mmHg when MEP is decreased. Anesthesiologists
must consider the transfusion trigger to ensure adequate perfusion and oxygenation (see
below) [43,44].

3.2.4. Positioning and Associated Complications

The prone position is the most frequent position for scoliosis surgery to facilitate
access to the spine. This position is associated with several complications caused by raised
intra-abdominal or thoracic pressure. In addition, prone positioning is associated with a
higher risk of postoperative visual loss [45–48].

Patients with neuromuscular disorders can suffer from joint and muscle contractures,
and some syndromes can be associated with low bone density. There is a potential risk
of iatrogenic injury. These conditions represent increased demands for exact positioning.
Correct but considerate prone positioning, respecting joint mobility, and the pressure
distribution on the chest and pelvis decrease the rate of complications. Aside from careful
positioning on the operating room table, the aesthesia team should elevate the upper part
of the body to decrease the intraocular pressure and reduce the risk of visual loss. Other
factors in reducing the risk of postoperative visual loss are avoiding anemia, hypotension
(see above), and preventing venous return obstruction due to malpositioning. Besides
ensuring appropriate positioning before surgery, the anesthetic team should control the
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body position during surgery. The patient may be harmed by manipulation by the operating
team during surgery [45,46].

Advanced cardiopulmonary resuscitation with chest compressions is possible in a
prone position. External cardiac massage may be performed with the palms placed over
the patient’s scapulae. Internal cardiac massage and direct defibrillation were performed
successfully via left posterior thoracotomy in a patient with Duchenne’s muscular dystro-
phy during scoliosis correction in a prone position [48]. However, anesthesiologists should
consider turning the patient to a supine position in the case of a stabilized spine without
prominent orthopedic tools for manipulation with instrumentation (rod pushers, connect
ratchets, downtubes, etc.) [10,47,48].

3.2.5. Blood Loss and Patient Blood Management

Patients with neuromuscular disease are at a high risk of extensive blood loss because
of prolonged and extensive procedures or bones with lower density. Strategies to reduce
blood loss are still being discussed. Antifibrinolytics’ effect in reducing blood loss and trans-
fusion administration has been described in scoliosis surgery, especially in patients with
neuromuscular disorders. Tranexamic acid is one of the most widely used antifibrinolytics.
The recommended prophylactic dose is about 15 mg/kg IV. The optimal maintenance dose
is unclear; current data mention infusions of 1–20 mg/kg/h. The risk of adverse events,
thromboembolism included, has not been increased in prophylactic administration during
scoliosis surgery [49–51].

Another means to reduce allogeneic blood transfusion is intraoperative cell salvage
(Cell Saver). The blood is collected from the wound into a reservoir. Red blood cells can be
re-infused to the patient after purification of the collected blood. It is a preferred method,
especially in high-risk patients with neuromuscular disorders and a presumed low bone
density [52,53].

Desmopressin increases von Willebrand factor and factor VIII levels. However, it
does not have an effect in reducing blood loss. Prophylactic administration is not recom-
mended [54].

Protocols for red blood cell transfusion triggers describe the administration of Red
Blood Cells (RBC) at levels between 7 and 8 g Hb/dL. Other coagulation factors should be
administered according to the laboratory or viscoelastic hemostatic assays ideally [54,55].

Patients with neuromuscular disorders or immobilization after extensive surgery, in
combination with a post-surgical inflammatory state, are at a higher risk of deep vein
thrombosis and pulmonary embolism. Early mobilization and mechanical prevention are
recommended. Data on pharmacological prophylaxis are scarce. Low-molecular-weight
heparin administration in the perioperative period until the normalization of the patient’s
condition should be considered after the validation of risk factors [56].

3.2.6. Body Temperature Management

As mentioned above, severe hypothermia, with a decrease in temperature of more
than 2.5 ◦C from the baseline, interferes with IONM. Patients with neuromuscular disease,
a lower body mass index, or a larger Cobb angle (the angle between the extension line of
the upper and lower end plate of the most inclined vertebral bodies) are at a higher risk of
hypothermia [5]. Other adverse effects include prolonged metabolism of anesthetic agents,
coagulopathy with higher blood loss, and wound or respiratory infections. Preoperative
and intraoperative active warming, or prewarming before surgery, is recommended to
prevent hypothermia in patients with neuromuscular disorders [57,58].

3.3. Postoperative Care
3.3.1. Admission to Intensive Care Unit (ICU)

According to studies, most of the patients require admission to the ICU or pediatric
ICU. However, the decision should be made individually, e.g., the recovery after surgeries
with a duration under 4 h can be, in some cases, manageable at a postanesthesia care
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unit. The possible predicting factors for ICU admission are a low weight, neuromuscular
scoliosis, pre-existing respiratory pathology, and other comorbidities. A higher number
of operated segments or a higher degree of spine curvature is not associated with ICU
admission [59,60].

3.3.2. Airway and Breathing

Patients with neuromuscular scoliosis often suffer from preexisting respiratory dis-
eases such as muscle weakness (e.g., Duchenne’s muscular dystrophy) or restrictive dis-
orders, most often caused by chest deformities, which leads to a risk of postoperative
respiratory failure [61,62]. Facial dysmorphism in some syndromes is associated with
difficult airways. Proper equipment for difficult airway management should be available at
the ICU in case of the need for emergent reintubation. Reintubation or prolonged weaning
is associated with a risk of ventilator-associated pneumonia or tracheal stenosis, so early
successful weaning should be one of the main goals [63]. Bulbar weakness can also be part
of some syndromes and lead to dysphagia, gastric regurgitation, dysphonia, or difficult
expectoration [62]. Protocols for weaning and monitoring diaphragm function can help to
achieve early extubation, leading to better patient outcomes [64,65]. Implementing non-
invasive ventilation into weaning processes in high-risk patients can prevent prolonged
intubation and tracheostomy [62,66–68].

3.3.3. Circulation

Early after the operation, at least ECG, non-invasive blood pressure, and peripheral
oxygen saturation should be monitored. For patients without signs of hemodynamic
instability (hypotension, arrhythmias, altered mental status, low diuresis, etc.), standard
monitoring is sufficient. In cases of hemodynamically unstable patients, invasive blood
pressure should be monitored. Hypotension should be treated with volumotherapy and
vasopressors according to its severity. For the prediction of volume responsiveness in
hemodynamically unstable children, unresponsive to initial fluid therapy, cardiac output
monitoring with echocardiography is recommended if available. Cardiac output could be
monitored also with non-invasive or invasive pulse waveform analysis, although the data
on the use of these methods in children are limited. Central venous pressure monitoring
and central venous oxygen saturation monitoring could provide a more complex view
of the patient’s status and its trend, but these types of monitoring should not be used as
the sole method [69]. In children with pre-existing cardiac disease, transesophageal or
transthoracic echocardiography could be helpful to determine the cardiac contractility,
preload, signs of pulmonary hypertension, or a possible worsening of valvular diseases.
The sources for this topic are rare, and the authors highlight the potential for further
research in this area [9,36].

3.3.4. Disability (Neurology, Analgosedation)

Dexmedetomidine sedation, in patients who require sedation after surgery, decreases
the use of opioids and the risk of postoperative delirium when compared to midazolam [70].

Scoliosis correction is a type of surgery with an anticipated high postoperative pain
level [70–72]. Patients with neuromuscular diseases are at a greater risk of undertreated
pain [71,72]. Undertreated pain could lead to prolonged hospitalization, patient psycholog-
ical trauma, and persistent postoperative pain [71]. The location of the most intense pain
is the surgical wound. For most patients, it becomes tolerable after four days [71–73]. For
this time period, the patient should be actively screened for their pain level and sufficiently
treated. Multimodal analgesia should be chosen and started already during surgery to
decrease opioid use. The most frequent opioid during surgery is remifentanil. Remifen-
tanil’s conversion to longer-acting opioids, such as sufentanil or piritramide, is necessary
before the end of the surgery. Postoperative continuous opioid administration by a patient-
controlled analgesia (PCA) pump is the gold standard for patients after idiopathic scoliosis
correction. Neuromuscular scoliosis is sometimes associated with syndromes characteristic
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of mental or severe physical impairments. Depending on the pain severity, the safe and
effective use of PCA delivery may require the assistance of the pediatric patient’s parents
and/or a nurse. Epidural analgesia and regional analgesia (bilateral erector spinae plane
block) initiated at the operating theater reduce postoperative opioid use [71–76]. Epidural
analgesia could achieve better analgesia than PCA. The patient’s neurologic status should
be assessed before the administration bolus of local anesthetics because a sensory or motor
blockade could occur. The risks associated with epidural analgesia do not differ from those
of other surgery types [71,72]. For patients with idiopathic scoliosis, the intrathecal opioid
(most often morphine or sufentanil) administration at the operation theater before the skin
incision is associated with reduced intravenous opioid use during anesthesia and sufficient
postoperative analgesia for the first 24 h. If morphine is lower than 20 μg/kg, the risk
of respiratory depression is not higher than in the intravenous PCA method. Data on in-
trathecal morphine administration are limited in patients with neuromuscular scoliosis [71].
The bilateral erector spinae block in both the single-shot and catheter techniques has been
successfully performed. The maximum dose of local anesthetic per 24 h needs to be re-
spected to avoid systemic toxicity. Continuous wound infiltration seems to be an option for
postoperative analgesia, but more research on this topic is required. Regional analgesia is
often combined with non-steroidal anti-inflammatory drugs (NSAIDs) if needed [70–72,77].
Perioperative and postoperative low-dose ketamine infusion can also be an efficient part
of multimodal pain management [77,78]. The intravenous use of local anesthetics (e.g.,
lidocaine) or gabapentinoids is controversial [70,77]. The indication, timing, and dosing
scheme should undergo further research. The use of glucocorticoids should be explored
more, but a single dose of dexamethasone after surgery seems to reduce the pain level
without a higher risk of infection [70,77].

3.3.5. Electrolytes

The syndrome of inappropriate antidiuretic hormone secretion (SIADH) can occur
after spinal fusion in neuromuscular and idiopathic scoliosis. The therapy is not different
compared to that for patients without neuromuscular disorders [79].

3.3.6. Fluids (Kidneys)

Acute kidney injury (AKI) was detected in children after spine surgery. Different
stages of AKI were diagnosed in 17% (35 of 208) of patients. The risk factors include
nephrotoxic medications (e.g., aminoglycosides, NSAIDs) and a low amount of fluids
intraoperatively. The management of NSAIDs is often needed in the postoperative period.
However, their administration should be reconsidered daily because NSAIDs reduce
prostaglandin synthesis. This can lead to kidney hypoperfusion or nephritis. Moreover,
other nephrotoxic medication administration risks versus benefits should be reevaluated
every day [80].

3.3.7. Gastrointestinal Tract (GIT) and Nutrition

Preexisting dysphagia or gastroesophageal reflux can be worsened in patients with
neuromuscular diseases. Tests and monitoring of dysphagia before postoperative reali-
mentation can be helpful. Early postoperative nutrition should be started in malnourished
patients prior to surgery. A good nutritional status can reduce the risk of postoperative
infection [81]. Neuromuscular disease is also the leading risk factor for postoperative ileus,
which is more likely in patients with extended bed rest. Monitoring symptoms of ileus (e.g.,
nausea, vomiting, abdomen distension) and early interventions can shorten the length of
the hospital stay [81,82]. The risk of pancreatitis rises in cases of prolonged postoperative
fasting. No cases of pancreatitis with organ failure, shock, or death have been reported.
The impaired mental status or diminished pain due to high doses of analgesics and atypical
clinical symptoms can make diagnostics difficult. Liver enzymes, amylase, and lipase
measurement can help in obtaining a diagnosis. If pancreatitis develops, the standard
treatment should be started immediately [82].
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3.3.8. Hematology

The more significant depletion of coagulation factors is present in patients suffering
from neuromuscular disorders. Routine control of the thrombin time, prothrombin time,
partial thromboplastin time, and fibrinogen in combination with viscoelastic hemostatic
assays should be done in postoperative care. In prolonged postoperative bleeding, ex-
tended tests should be considered (e.g., factor XIII level), and the standard treatment for
coagulopathy should be started [83].

3.3.9. Infections

Infection is a leading complication in postoperative care after scoliosis surgery, with
higher incidence in patients with neuromuscular disease. Urinary infection and pneumonia
are the most frequent infections. The most common causes of urinary infections in hospitals
are urinary catheters. Indications for the insertion and maintenance of urinary catheters
should be reconsidered every day. Proper insertion techniques and maintenance care are a
solution to reduce the risk of urinary infection [84]. The prevention of pneumonia is mostly
the same as in other patients in the ICU. The specifics for patients with neuromuscular
diseases are described above. Patients should also be routinely monitored for signs of
wound infection [85,86]. The prevention of postoperative wound infection does not differ
from standard care for wounds after spinal surgery.

3.3.10. Rehabilitation

Patients with neuromuscular diseases are supposed to have complex physiotherapy.
A very important part of rehabilitation is breathing and coughing exercises because of
the high incidence of preoperative respiratory complications and weak cough. The pre-
rehabilitation should start prior to the surgery to train high-risk patients to breathe with
NIV or use a cough assistant. Chest physiotherapy should be maximized one week prior to
surgery [24].

4. Conclusions

Anesthesia and the perioperative management of pediatric patients for neuromus-
cular scoliosis surgery represent a significant challenge for all healthcare providers. This
heterogeneous team involves surgeons, anesthesiologists, neurophysiologists, pediatri-
cians, nurses, nutritionists, and physiotherapists. Every part of the management should be
adequately planned because of the higher risk of perioperative complications compared
to idiopathic scoliosis. Healthcare providers have to consider all risks arising from the
surgery, anesthesia, and the nature of the disease as a multidisciplinary and individual
approach to each patient can improve the postoperative outcome. Firstly, mentioned data
focus on the maximal optimization of altered functions before surgery and patients´ com-
plex multidisciplinary prehabilitation. Secondly, adequate preparation of the anesthetic
management regarding the specifics of neuromuscular syndromes, surgery, or anesthesia
is essential for safety in the perioperative period. Thirdly, postoperative care in the ICU
with adequate prevention, early identification, and treatment of possible complications can
improve the postoperative outcome. All the described steps can lead to improved quality
of life in patients with neuromuscular scoliosis.
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Abstract: Whether the use of neuraxial anesthesia or general anesthesia leads to more favorable
postoperative outcomes in patients receiving hip fracture surgery remains unclear. We used data
from the American College of Surgeons National Surgical Quality Improvement Program (ACS
NSQIP) Data Files between 2016 and 2020 to investigate the association of neuraxial anesthesia and
general anesthesia with morbidity and mortality after hip fracture surgery. Inverse probability of
treatment weighting (IPTW) was used to balance the baseline characteristics, and multivariable
Cox regression models were used to estimate the hazard ratio (HR) with a 95% confidence interval
(CI) for postoperative morbidity and mortality among the different anesthesia groups. A total
of 45,874 patients were included in this study. Postoperative adverse events occurred in 1087 of
9864 patients (11.0%) who received neuraxial anesthesia and in 4635 of 36,010 patients (12.9%) who
received general anesthesia. After adjustment for IPTW, the multivariable Cox regressions revealed
that general anesthesia was associated with increased risks of postoperative morbidity (adjusted
HR, 1.19; 95% CI, 1.14–1.24) and mortality (adjusted HR, 1.09; 95% CI, 1.03–1.16). The results of the
present study suggest that, compared with general anesthesia, neuraxial anesthesia is associated with
lower risks of postoperative adverse events in patients undergoing hip fracture surgery.

Keywords: hip fracture; anesthesia; postoperative outcomes; propensity score; morbidity; mortality

1. Introduction

Hip fractures are one of the most common healthcare problems in older adults. The
worldwide annual incidence of hip fracture was reported as 1.6 million in 2000, and this
incidence is expected to increase to 6.3 million by 2050 [1]. As nonsurgical management is
associated with higher mortality and poor functional recovery, surgical repair has become
the mainstay treatment for hip fractures [2]. The majority of hip fractures occur in the
older adult population; thus, patients with hip fractures are at substantial risk of mortality
and cardiovascular, pulmonary, thrombotic, infectious, and bleeding complications, which
contribute to tremendous medical costs [3]. The annual cost of treatment for hip fractures
was reported to be more than $10 billion in the United States alone [4].

Despite efforts to improve the perioperative care of patients with hip fractures, the
postoperative 30-day mortality rate was reported to be 10%, and approximately 20% of
patients developed severe postoperative complications [5]. Anesthesia is an essential aspect
of multidisciplinary perioperative care, which improves clinical outcomes in patients with
hip fractures [6]. The most frequently used anesthesia techniques for hip fracture surgery
are general anesthesia and neuraxial anesthesia [7]. Neuraxial anesthesia was reported
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in a meta-analysis to be associated with a reduced risk of in-hospital mortality, acute
respiratory failure, and readmission in older adults undergoing hip fracture surgery [8].
However, the results of a different meta-analysis revealed no significant difference in
30-day mortality and the prevalence of pneumonia, acute myocardial infarction, and renal
failure between patients who received neuraxial and those who received general anesthesia
during hip fracture surgery [9]. Differences in the definition of outcome, follow-up time,
and methodology in previous studies may be reasons for the inconsistent results of these
meta-analyses. Therefore, whether the use of neuraxial anesthesia or general anesthesia
leads to more favorable postoperative outcomes in patients undergoing surgical repair of
hip fractures remains controversial.

The American College of Surgeons National Surgical Quality Improvement Program
(ACS NSQIP®) is a nationally validated program for measuring and improving the quality
of surgical care; the program has compiled high-quality data from more than 600 partici-
pating hospitals in the United States and around the world [10]. The ACS NSQIP database
contains data based on patients’ medical charts that were collected by trained and certified
reviewers, which are more trustworthy than those derived from insurance claims and were
used in previous studies. Therefore, this study aimed to use the clinical data from the ACS
NSQIP to investigate the associations of neuraxial anesthesia and general anesthesia with
postoperative outcomes in patients who received hip fracture surgery and provide optimal
anesthesia technique recommendations.

2. Materials and Methods

2.1. Data Source

The data used in this matched prospective cohort study were collected from the ACS
NSQIP database [10]. The ACS NSQIP database contains more than 150 surgical variables
for up to 30 days following surgery; the data were collected from patients’ medical charts by
trained and certified Surgical Clinical Reviewers. The data from the ACS NSQIP database
have been demonstrated to be highly trustworthy, with an inter-reviewer disagreement rate
of below 2% [11]. In addition to the essential Participant Use Data File (PUF), Procedure-
Targeted PUF datasets, which address specific predictors and outcomes for many types
of operations, were also released from the ACS NSQIP database. The ACS NSQIP Hip
Fracture Procedure-Targeted PUFs consisting of additional variables specific to hip fracture
patients treated with open reduction and internal fixation (Current Procedural Terminology
(CPT) codes: 27236, 27244, and 27245) from 2016 to 2020 were also available. Therefore, we
used the ACS NSQIP Hip Fracture Procedure-Targeted PUFs to investigate the association
between different anesthesia techniques and clinical outcomes in patients receiving hip
fracture surgery.

2.2. Study Population Selection and Clinical Characteristics

The present study comprised patients in the ACS NSQIP Hip Fracture Procedure-
Targeted PUFs between 2016 and 2020; patients who were aged ≥18 years and who received
hip fracture surgery with CPT codes 27236, 27244, and 27245 were included. The baseline
demographics and comorbidities of the study population were obtained from the essential
ACS NSQIP PUFs and Hip Fracture Procedure-Targeted PUF datasets; these included
age, sex, race or ethnicity, body mass index, functional health status, smoking, diabetes
mellitus, hypertension, congestive heart failure, chronic obstructive pulmonary disease
(COPD), dialysis, dementia, cancer, bleeding disorder, type of fracture, American Society
of Anesthesiologists (ASA) physical status classification, deep venous thrombosis (DVT)
prophylaxis, and type of anesthesia. The patients’ major comorbidities were identified
according to the surgeons’ preoperative notes. The definitions of variables in the ACS
NSQIP database are available in the NSQIP User Guide [10]. To compare the effects of
general anesthesia and neuraxial anesthesia on postoperative clinical outcomes, patients
who were administered anesthesia other than general or neuraxial were excluded. Patients
who had outcome diagnoses at the time of surgery or who had missing data on baseline
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characteristics were excluded to prevent confounding factors. In addition, patients with
missing data regarding the time of outcome occurrence were excluded.

2.3. Study Outcomes

The primary outcome was any postoperative 30-day adverse event, which was a
composite outcome including postoperative 30-day morbidity and mortality. The secondary
outcomes included postoperative 30-day morbidity and mortality. Postoperative 30-day
morbidity consisted of major postoperative adverse events, including myocardial infarction,
cardiac arrest, stroke, pneumonia, pulmonary embolism, ventilator support for more than
48 h, acute renal failure or progressive renal insufficiency, surgical site infection, sepsis or
septic shock, and DVT [8,9,12]. Detailed definitions of each adverse event can be found in
the NSQIP User Guide [10].

2.4. Statistical Analysis

The baseline characteristics of the study population were summarized using counts
and percentages for both neuraxial and general anesthesia. To balance the baseline charac-
teristics between the different anesthesia groups, inverse probability of treatment weighting
(IPTW) based on the propensity score was used [13,14]. The propensity score was defined
as the probability that a patient was assigned general anesthesia based on the observed
covariates. We estimated the propensity score using a multivariable logistic regression
model with all the baseline characteristics listed in Table 1. Using the IPTW approach, each
patient was weighted by the inverse of the probability of receiving general anesthesia. This
approach created a weighted pseudosample of patients in which the selection of general
anesthesia was independent of the baseline characteristics. The standardized mean differ-
ence (SMD) was used to compare the baseline characteristics between the neuraxial and
general anesthesia groups. An SMD of less than 0.1 was considered a negligible difference
between the two groups.

Table 1. Characteristics of patients receiving hip fracture surgery before and after adjustment for the
inverse probability of treatment weighting (IPTW).

Unweighted Study Population After IPTW

Neuraxial
Anesthesia

General
Anesthesia

Neuraxial
Anesthesia

General
Anesthesia

(n = 9864) (n = 36,010)

Characteristics Number (Percent of Patients) SMD * Percent of Patients SMD *

Demographics
Age, years

<65 741 (7.5) 4422 (12.3) 0.160 12.3 11.3 0.033
65–74 1410 (14.3) 6407 (17.8) 0.095 16.8 17.0 0.007
75–84 3079 (31.2) 10,725 (29.8) 0.031 29.4 30.0 0.014
≥85 4634 (47.0) 14,456 (40.1) 0.138 41.6 41.7 0.002

Sex
Female 6974 (70.7) 24,277 (67.4) 0.071 68.1 68.1 0.002
Male 2890 (29.3) 11,733 (32.6) 0.071 32.0 31.9 0.002

Race/ethnicity
White 4807 (48.7) 28,447 (79.0) 0.664 72.7 72.5 0.003
Other 5057 (51.3) 7563 (21.0) 0.664 27.4 27.5 0.003

Body mass index
Normal 4938 (50.1) 16,375 (45.5) 0.092 46.7 46.5 0.005
Underweight 926 (9.4) 2803 (7.8) 0.057 8.1 8.1 0.001
Overweight 2667 (27.0) 10,472 (29.1) 0.045 28.4 28.6 0.004
Obese 1333 (13.5) 6360 (17.7) 0.115 16.8 16.8 0.001
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Table 1. Cont.

Unweighted Study Population After IPTW

Neuraxial
Anesthesia

General
Anesthesia

Neuraxial
Anesthesia

General
Anesthesia

(n = 9864) (n = 36,010)

Characteristics Number (Percent of Patients) SMD * Percent of Patients SMD *

Functional health status
Independent 7827 (79.4) 28,302 (78.6) 0.019 78.3 78.8 0.011
Partially dependent 1770 (17.9) 6764 (18.8) 0.022 19.1 18.6 0.012
Totally dependent 267 (2.7) 944 (2.6) 0.005 2.6 2.6 0.002

Comorbidities
Smoking 1074 (10.9) 4585 (12.7) 0.057 12.7 12.3 0.011
Diabetes mellitus 1652 (16.8) 6986 (19.4) 0.069 19.3 18.9 0.012
Hypertension 6166 (62.5) 24,144 (67.1) 0.095 66.6 66.2 0.009
Congestive heart failure 297 (3.0) 1334 (3.7) 0.039 3.4 3.6 0.007
COPD 1120 (11.4) 3745 (10.4) 0.031 10.8 10.6 0.007
Dialysis 130 (1.3) 786 (2.2) 0.066 2.4 2.0 0.028
Dementia 2741 (27.8) 9501 (26.4) 0.032 26.9 26.7 0.004
Disseminated cancer 279 (2.8) 1306 (3.6) 0.045 3.6 3.5 0.008
Bleeding disorder 684 (6.9) 6884 (19.1) 0.368 16.1 16.5 0.013

Operative information
Type of fracture

Femoral neck fracture 4075 (41.3) 13,572 (37.7) 0.074 38.0 38.4 0.008
Intertrochanteric 5009 (50.8) 19,393 (53.9) 0.062 53.5 53.3 0.005
Subtrochanteric/other 780 (7.9) 3045 (8.5) 0.020 8.5 8.3 0.005

ASA classification
I or II 1888 (19.1) 6001 (16.7) 0.065 18.0 17.3 0.017
III 5819 (59.0) 22,964 (63.8) 0.098 63.0 62.8 0.005
IV or V † 2157 (21.9) 7045 (19.6) 0.057 19.1 19.9 0.022

* An SMD of less than 0.1 was considered a negligible difference between the two groups. † Includes 9119
(2130 received neuraxial anesthesia and 6989 received general anesthesia) ASA IV and 83 (27 received neuraxial
anesthesia and 56 received general anesthesia) ASA V patients. Abbreviations: IPTW, inverse probability of
treatment weighting; SMD, standardized mean difference; COPD, chronic obstructive pulmonary disease; ASA,
American Society of Anesthesiologists.

Cox regression models were used to estimate the hazard ratio (HR) with a 95% confi-
dence interval (CI) for clinical outcomes between the different anesthesia groups. Adjusted
HRs were calculated after adjustment for age, sex, race or ethnicity, body mass index,
functional health status, smoking, diabetes mellitus, hypertension, congestive heart failure,
COPD, dialysis, dementia, cancer, bleeding disorder, type of fracture, ASA physical status
classification, and DVT prophylaxis.

To evaluate the robustness of our findings, we conducted propensity score matching
as a sensitivity analysis. Patients who received general anesthesia and those who received
neuraxial anesthesia were matched 1:1 using greedy matching with a caliper width of
0.2 times the standard deviation of the logits of the propensity score [14].

All analyses were performed using the SAS System for Windows 9.4 (SAS Institute,
Cary, NC, USA). Statistical significance was determined as a p value less than 0.05.
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3. Results

3.1. Study Sample Selection

A total of 59,931 cases were reported in the ACS NSQIP Hip Fracture Procedure-
Targeted PUFs between 2016 and 2020. After excluding 5697 patients who received anesthe-
sia other than general or neuraxial anesthesia, 7915 patients with missing data on baseline
characteristics, and 445 patients who had outcome diagnoses at the time of surgery or had
missing data on the date of outcome occurrence, we included a total of 45,874 patients
(Figure 1).

 

Figure 1. Flowchart of Study Sample Selection. Abbreviations: MAC, monitored anesthesia care; IV,
intravenous; ACS NSQIP, American College of Surgeons National Surgical Quality Improvement
Program; ASA, American Society of Anesthesiologists; DVT, deep venous thrombosis.

3.2. Baseline Characteristics

Among the 45,874 patients who received hip fracture surgery, 9864 and 36,010 received
neuraxial and general anesthesia, respectively. The baseline characteristics before and
after adjustment for IPTW are listed in Table 1. Before adjustment for IPTW, patients
who received general anesthesia were generally younger, more likely to be white and
obese, and more likely to have bleeding disorders. After adjustment for IPTW, all baseline
characteristics of the two groups were well-balanced.

3.3. Associations between General Anesthesia and Postoperative Adverse Events
3.3.1. Unweighted Multivariable Analysis

Postoperative adverse events occurred in 1087 of 9864 patients (11.0%) who received
neuraxial anesthesia and in 4635 of 36,010 patients (12.9%) who received general anesthesia
(Table 2). In the unweighted multivariable regressions, general anesthesia was associated
with a 15% increased risk of postoperative adverse events (adjusted HR, 1.15; 95% CI
1.07–1.23) in patients receiving hip fracture surgery (Table 2). We further analyzed the
relationship between the types of anesthesia and postoperative morbidity and mortality in
patients receiving hip fracture surgery. Similarly, we found general anesthesia to be associ-
ated with higher risks of postoperative morbidity (adjusted HR, 1.17; 95% CI, 1.08–1.27)
and mortality (adjusted HR, 1.13; 95% CI, 1.01–1.26) (Table 2).
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Table 2. Association between general anesthesia and risk of postoperative 30-Day adverse events in
patients receiving hip fracture surgery.

Postoperative
30-Day Outcomes

Total Number
of Patients

Number of Events
(%)

Unweighted
Adjusted

HR (95% CI) *

After IPTW
Adjusted

HR (95% CI) *

Any adverse events
Neuraxial anesthesia 9864 1087 (11.0) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 4635 (12.9) 1.15 (1.07–1.23) 1.14 (1.10–1.19)

Morbidity
Neuraxial anesthesia 9864 809 (8.2) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 3463 (9.6) 1.17 (1.08–1.27) 1.19 (1.14–1.24)

Mortality
Neuraxial anesthesia 9864 437 (4.4) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 1951 (5.4) 1.13 (1.01–1.26) 1.09 (1.03–1.16)

* Adjusted HRs were computed after adjustment for age, sex, race or ethnicity, body mass index, functional health
status, smoking, diabetes mellitus, hypertension, congestive heart failure, COPD, dialysis, dementia, cancer,
bleeding disorder, type of fracture, ASA physical status classification, and DVT prophylaxis. Abbreviations: IPTW,
inverse probability of treatment weighting; HR, hazard ratio; CI, confidence interval; COPD, chronic obstructive
pulmonary disease; ASA, American Society of Anesthesiologists; DVT, deep venous thrombosis.

3.3.2. Multivariable Analysis after IPTW

After IPTW adjustment, general anesthesia remained associated with increased risks
of postoperative adverse events (Table 2). In the IPTW multivariable Cox regression
model, general anesthesia was associated with higher risks of postoperative adverse events
(adjusted HR, 1.14; 95% CI 1.10–1.19), morbidity (adjusted HR, 1.19; 95% CI, 1.14–1.24), and
mortality (adjusted HR, 1.09; 95% CI, 1.03–1.16).

Furthermore, we analyzed the relationship between general anesthesia and specific
postoperative morbidities, including myocardial infarction, cardiac arrest, stroke, pneu-
monia, pulmonary embolism, ventilator support, acute renal failure or progressive renal
insufficiency, surgical site infection, sepsis or septic shock, and DVT. The results revealed
general anesthesia to be associated with an increased risk of cardiac arrest (adjusted HR,
1.23; 95% CI, 1.04–1.45), pneumonia (adjusted HR, 1.18; 95% CI, 1.09–1.27), ventilator
support (adjusted HR, 1.42; 95% CI, 1.17–1.74), acute renal failure or progressive renal
insufficiency (adjusted HR, 1.29; 95% CI, 1.10–1.51), surgical site infection (adjusted HR,
1.37; 95% CI, 1.20–1.56), sepsis or septic shock (adjusted HR, 1.32; 95% CI, 1.17–1.47), and
DVT (adjusted HR, 1.38; 95% CI, 1.21–1.57) (Table 3).

Table 3. Association between general anesthesia and risk of individual postoperative 30-Day morbid-
ity in patients receiving hip fracture surgery.

Postoperative
30-Day Outcomes

Total Number
of Patients

Number of Events
(%)

Unweighted
Adjusted

HR (95% CI) *

After IPTW
Adjusted

HR (95% CI) *

Myocardial infarction
Neuraxial anesthesia 9864 207 (2.1) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 722 (2.0) 0.98 (0.83–1.16) 1.03 (0.94–1.13)

Cardiac arrest
Neuraxial anesthesia 9864 44 (0.5) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 264 (0.7) 1.39 (1.00–1.95) 1.23 (1.04–1.45)

Stroke
Neuraxial anesthesia 9864 71 (0.7) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 288 (0.8) 1.06 (0.81–1.40) 0.95 (0.83–1.10)
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Table 3. Cont.

Postoperative
30-Day Outcomes

Total Number
of Patients

Number of Events
(%)

Unweighted
Adjusted

HR (95% CI) *

After IPTW
Adjusted

HR (95% CI) *

Pneumonia
Neuraxial anesthesia 9864 270 (2.7) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 1075 (3.0) 1.12 (0.97–1.29) 1.18 (1.09–1.27)

Pulmonary embolism
Neuraxial anesthesia 9864 73 (0.7) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 285 (0.8) 1.11 (0.84–1.45) 1.00 (0.86–1.16)

Ventilator support †

Neuraxial anesthesia 9864 22 (0.2) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 202 (0.6) 1.84 (1.17–2.91) 1.42 (1.17–1.74)

Renal failure ‡

Neuraxial anesthesia 9864 43 (0.4) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 284 (0.8) 1.49 (1.06–2.09) 1.29 (1.10–1.51)

Surgical site infection
Neuraxial anesthesia 9864 89 (0.9) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 410 (1.1) 1.34 (1.05–1.71) 1.37 (1.20–1.56)

Sepsis or septic shock
Neuraxial anesthesia 9864 104 (1.1) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 556 (1.5) 1.28 (1.03–1.60) 1.32 (1.17–1.47)

DVT
Neuraxial anesthesia 9864 76 (0.8) 1.00 (reference) 1.00 (reference)
General anesthesia 36,010 411 (1.1) 1.38 (1.07–1.78) 1.38 (1.21–1.57)

* Adjusted HRs were computed after adjustment for age, sex, race or ethnicity, body mass index, functional health
status, smoking, diabetes mellitus, hypertension, congestive heart failure, COPD, dialysis, dementia, cancer,
bleeding disorder, type of fracture, ASA physical status classification, and DVT prophylaxis. † Ventilator support.
‡ Includes both acute renal failure and progressive renal insufficiency. Abbreviations: IPTW, inverse probability of
treatment weighting; HR, hazard ratio; CI, confidence interval; DVT, deep venous thrombosis; COPD, chronic
obstructive pulmonary disease; ASA, American Society of Anesthesiologists.

3.3.3. Propensity Score-Matched Analysis

Similar results regarding the relationship between general anesthesia and postopera-
tive adverse events were found in the propensity score-matched cohort. In the propensity
score-matched cohort, 9864 and 9864 patients received neuraxial and general anesthesia,
respectively. After propensity score matching, all baseline characteristics of the two groups
were well-balanced (Table 4). The relationship between general anesthesia and postop-
erative adverse events in the propensity score-matched cohort is presented in Table 5.
The results of the multivariable Cox regression analysis revealed general anesthesia to be
associated with a 25% increased risk of postoperative adverse events (adjusted HR, 1.25;
95% CI, 1.13–1.39). Further analysis demonstrated general anesthesia to be associated with
a 30% higher risk of postoperative morbidity (adjusted HR, 1.30; 95% CI, 1.15–1.46). In
addition, general anesthesia seemed to be related to a 19% increased risk of postoperative
mortality (adjusted HR, 1.19; 95% CI, 1.00–1.42).
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Table 4. Characteristics of patients receiving hip fracture surgery after propensity score matching.

Neuraxial Anesthesia
(n = 9864)

General Anesthesia
(n = 9864)

Characteristics Number (Percent of Patients) SMD *

Demographics
Age, years

<65 741 (7.5) 722 (7.3) 0.006
65–74 1410 (14.3) 1439 (14.6) 0.008
75–84 3079 (31.2) 3034 (30.8) 0.010
≥85 4634 (47.0) 4669 (47.3) 0.007

Sex
Female 6974 (70.7) 6992 (70.9) 0.004
Male 2890 (29.3) 2872 (29.1) 0.004

Race/ethnicity
White 4807 (48.7) 4830 (49.0) 0.005
Other 5057 (51.3) 5034 (51.0) 0.005

Body mass index
Normal 4938 (50.1) 4948 (50.2) 0.002
Underweight 926 (9.4) 864 (8.8) 0.022
Overweight 2667 (27.0) 2706 (27.4) 0.009
Obese 1333 (13.5) 1346 (13.7) 0.004

Functional health status
Independent 7827 (79.4) 7840 (79.5) 0.003
Partially dependent 1770 (17.9) 1772 (18.0) 0.001
Totally dependent 267 (2.7) 252 (2.6) 0.009

Comorbidities
Smoking 1074 (10.9) 977 (9.9) 0.030
Diabetes mellitus 1652 (16.8) 1680 (17.0) 0.007
Hypertension 6166 (62.5) 6314 (64.0) 0.031
Congestive heart failure 297 (3.0) 275 (2.8) 0.012
COPD 1120 (11.4) 996 (10.1) 0.040
Dialysis 130 (1.3) 122 (1.2) 0.006
Dementia 2741 (27.8) 2848 (28.9) 0.024
Disseminated cancer 279 (2.8) 247 (2.5) 0.018
Bleeding disorder 684 (6.9) 665 (6.7) 0.006

Operative information
Type of fracture

Femoral neck fracture 4075 (41.3) 3993 (40.5) 0.017
Intertrochanteric 5009 (50.8) 5108 (51.8) 0.020
Subtrochanteric/other 780 (7.9) 763 (7.7) 0.006

ASA classification
I or II 1888 (19.1) 1943 (19.7) 0.015
III 5819 (59.0) 5930 (60.1) 0.023
IV or V 2157 (21.9) 1991 (20.2) 0.042

* An SMD of less than 0.1 was considered a negligible difference between the two groups. Abbreviations:
SMD, standardized mean difference; COPD, chronic obstructive pulmonary disease; ASA, American Society of
Anesthesiologists.
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Table 5. Association between general anesthesia and risk of postoperative 30-Day adverse events
between propensity score-matched groups.

Postoperative
30-Day Outcomes

Total Number
Number of Events

(%)
Unadjusted HR

(95% CI)
Adjusted HR

(95% CI) *

Any adverse events
Neuraxial anesthesia 9864 1087 (11.0) 1.00 1.00
General anesthesia 9864 1254 (12.7) 1.16 (1.07–1.26) 1.25 (1.13–1.39)

Morbidity
Neuraxial anesthesia 9864 809 (8.2) 1.00 1.00
General anesthesia 9864 939 (9.5) 1.17 (1.06–1.28) 1.30 (1.15–1.46)

Mortality
Neuraxial anesthesia 9864 437 (4.4) 1.00 1.00
General anesthesia 9864 504 (5.1) 1.16 (1.02–1.32) 1.19 (1.00–1.42)

* Adjusted HRs were computed after adjustment for age, sex, race or ethnicity, body mass index, functional health
status, smoking, diabetes mellitus, hypertension, congestive heart failure, COPD, dialysis, dementia, cancer,
bleeding disorder, type of fracture, ASA physical status classification, and DVT prophylaxis. Abbreviations: HR,
hazard ratio; CI, confidence interval; COPD, chronic obstructive pulmonary disease; ASA, American Society of
Anesthesiologists; DVT, deep venous thrombosis.

4. Discussion

The effects of different anesthesia techniques on postoperative outcomes in patients
receiving hip fracture surgery remain unclear. Due to the small sample sizes in randomized
clinical trials and the lack of clarity in definitions of postoperative outcomes in observational
studies, previous meta-analyses have revealed no significant difference in postoperative
outcomes between neuraxial anesthesia and general anesthesia in patients undergoing
hip fracture surgery [9,15]. In addition, although DVT is a common postoperative com-
plication of hip fracture surgery and antithrombotic prophylaxis is reportedly related to
postoperative morbidity and mortality [16], no observational study has considered DVT
prophylaxis in comparing the effects of different anesthesia techniques on postoperative
complications. The present study collected data from the nationally verified ACS NSQIP
database, which included clearly defined postoperative outcomes and data on DVT pro-
phylaxis, to investigate and compare the associations of neuraxial and general anesthesia
with postoperative adverse events after hip fracture surgery. To the best of our knowledge,
this is the first large-scale, nationwide observational study investigating the association
between different anesthesia techniques and postoperative outcomes in consideration of
DVT prophylaxis. The results of the current study demonstrated that neuraxial anesthesia
is associated with lower risks of postoperative complications, including postoperative
morbidity and mortality. In addition, a similar relationship was found between neuraxial
anesthesia and reduced postoperative complications, after adjustment for IPTW, and in
the propensity score-matched cohort. Furthermore, our findings suggest that neuraxial
anesthesia is associated with a reduced risk of cardiac arrest, pneumonia, ventilator support,
renal failure, surgical site infection, sepsis or septic shock, and DVT.

The results of the present study reveal that general anesthesia is associated with an
increased risk of 30-day mortality, which is in line with the findings of a previous obser-
vational study [17]. However, the results of previous randomized clinical trials showed
that there was no significant difference in 30-day mortality between the two anesthesia
groups [18,19]. The low postoperative mortality rate and the small number of included
patients may be the reasons why these randomized clinical trials could not demonstrate
differences in 30-day mortality between the two anesthesia techniques. Nevertheless, the
results of a randomized trial involving 1600 older adults undergoing hip fracture surgery
also showed that the incidence of postoperative mortality did not differ between patients
who received neuraxial anesthesia and those who received general anesthesia [7]. In addi-
tion, our findings regarding mortality are inconsistent with those of previous observational
studies that used propensity score matching, weighting, or stratification to control for
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confounders [20–24]. The inconsistency between the 30-day mortality results of the current
study and the previous observational studies may be due to the different study populations
and the different sources of research data; the present study collected data from the ACS
NSQIP database based on patients’ medical charts, which would be different from those
collected from insurance claims.

Compared with general anesthesia, the advantages of neuraxial anesthesia include
the avoidance of intubation and mechanical ventilation, decreased systemic medications,
prolonged postoperative analgesia, and decreased blood loss [15,25]. Conversely, general
anesthesia may provide hemodynamic stability and avoid complications of neuraxial anes-
thesia, such as infection, hematoma, and nerve injury. Previous studies comparing the
effects of general and neuraxial anesthesia on postoperative morbidity in patients receiving
hip fracture surgery have reported conflicting results. The results of the two observational
studies have demonstrated no difference in all-cause postoperative morbidity between
patients who received general or neuraxial anesthesia for hip fracture surgery [22,23].
However, our findings reveal that general anesthesia is associated with higher all-cause
postoperative morbidity. In addition to the composite outcome of postoperative mor-
bidity, we further investigated the relationship between different anesthesia techniques
and individual postoperative adverse events. The results of the present study reveal no
significant differences between general and neuraxial anesthesia in the risks of postoper-
ative 30-day myocardial infarction, stroke, or pulmonary embolism, which is consistent
with the findings of most studies [12,22,23,26]. However, Ahn et al. [16] reported that
general anesthesia was related to a higher incidence of pulmonary embolism than neuraxial
anesthesia. Our findings additionally suggest that general anesthesia is associated with
higher risks of postoperative 30-day surgical site infection and respiratory failure, which
is consistent with the findings of previous studies [17,23]. Neuraxial anesthesia has been
reported to reduce surgical site infections. This may be due to its effects on the sympathetic
blockade and greater vasodilation, which lead to improved tissue oxygenation, increased
polymorphonuclear cells at surgical sites, and maintained regional normothermia [27].

DVT is a common postoperative complication following hip fracture surgery and is
associated with increased postoperative morbidity and mortality [16,28]. Unlike general
anesthesia, neuraxial anesthesia can potentially produce a sympathetic block and vasodi-
latation, thereby reducing the risk of DVT [29]. With respect to DVT prophylaxis, our
findings suggest that neuraxial anesthesia is associated with a lower risk of postoperative
DVT, which is consistent with the findings of several studies [12,26,28,30]. However, the
results of other observational studies and a meta-analysis of randomized clinical trials re-
vealed no significant difference in the risk of DVT between general anesthesia and neuraxial
anesthesia [15,22,23]. In addition, Morgan et al. [24] reported that patients who received
spinal anesthesia were more likely to develop postoperative DVT. This inconsistency in the
study results regarding postoperative DVT is likely due to the different study designs and
definitions of outcomes.

The major strength of this study is that the data were collected from the ACS NSQIP,
which is a nationally verified program for measuring and improving the quality of surgical
care. The ACS NSQIP database contains data based on patients’ medical charts that were
collected by trained and certified reviewers, which indicates that these data are highly
trustworthy and different from those collected from insurance claims. In addition, all
variables and outcomes in the ACS NSQIP database are clearly defined, which enhanced
the accuracy of the results. Furthermore, the ACS NSQIP database has compiled data from
more than 600 hospitals in the United States and around the world, thereby increasing its
external validity. Finally, in addition to using IPTW to balance the measurable confounders
between the two anesthesia groups, we used propensity score matching as a sensitivity test
to evaluate the robustness of our findings.

Several limitations of the current study should be considered. First, although the
data used in the current study were prospectively collected, patients were not random-
ized to the different anesthesia groups, which may have created a bias in our analysis.
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Even though we employed IPTW and propensity score matching to reduce bias, this bias
cannot be eliminated. Second, extreme weights can increase the variance and confidence
intervals of the effect estimate when using IPTW. However, there were no patients with
a very high or very low probability of receiving general anesthesia. Third, the reasons
why patients received general or neuraxial anesthesia and detailed clinical information
regarding hospital-related factors, such as the size of the administering hospitals and the
anesthesia and surgery techniques used for patients undergoing hip fracture surgery, were
unavailable in the database, which may have also caused bias. Fourth, the ACS NSQIP col-
lects postoperative outcomes for only up to 30 days; therefore, we were unable to evaluate
the postoperative morbidity and mortality beyond that period. In addition, postoperative
opioid consumption and adverse events immediately after surgery or in the postanesthesia
care unit were not included in the ACS NSQIP database; thus, we were unable to analyze
these outcomes.

5. Conclusions

In conclusion, the results of the present study suggest that, compared with general
anesthesia, neuraxial anesthesia is associated with lower risks of postoperative adverse
events in patients undergoing hip fracture surgery. Although the choice of the preferred
anesthesia technique for hip fracture surgery remains controversial, the results of the
present study support the administration of neuraxial anesthesia in hip fracture surgery.
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Abstract: The decrease in quadriceps strength after anterior quadratus lumborum block (AQLB) has
not been quantified. This prospective cohort study investigated the incidence of quadriceps weakness
after AQLB. We enrolled patients undergoing robot-assisted partial nephrectomy, and AQLB was
performed at the L2 level with 30 mL of 0.375% ropivacaine. We evaluated each quadriceps’ maximal
voluntary isometric contraction using a handheld dynamometer preoperatively and postoperatively
at 1 and 4 days. The incidence of muscle weakness was defined as a 25% reduction in muscle strength
compared with the preoperative baseline, and “muscle weakness possibly caused by nerve block”
was defined as a 25% reduction compared with the non-block side. We also assessed the numerical
rating scale and quality of recovery-15 scores. Thirty participants were analyzed. The incidence of
muscle weakness compared with preoperative baseline and the non-block side was 13.3% and 30.0%,
respectively. Patients with a numerical rating scale ≥ 4 or quality of recovery-15 score < 122, which
was classified as moderate or poor, had decreased muscle strength with relative risks of 1.75 and 2.33,
respectively. All patients ambulated within 24 h after surgery. The incidence of quadriceps weakness
possibly caused by nerve block was 13.3%; however, all patients could ambulate after 1 day.

Keywords: muscle weakness; muscle strength dynamometer; complications; nerve block;
quadratus lumborum block; robot-assisted surgery

1. Introduction

Minimally invasive surgery causes less postoperative pain and provides rapid re-
covery; however, acute pain scores are reported to be comparable with those after open
nephrectomy, possibly leading to the development of chronic pain [1]. Therefore, the
optimization of multimodal analgesia is an urgent issue.

Although typical procedure-specific analgesia protocols, such as enhanced recovery
after surgery (ERAS®), and procedure-specific postoperative pain management do not exist
for robot-assisted laparoscopic partial nephrectomy (RAPN), epidural analgesia, wound
infiltration, and peripheral nerve block may have roles in relieving postoperative pain
for RAPN. Epidural analgesia is the gold standard for abdominal procedures including
nephrectomy. However, it may involve adverse events such as neurological damage,
hypotension, epidural hemorrhage, muscle weakness of the lower extremities, and urinary
retention, which may be confused with surgical complications. Thus, epidural analgesia is
often avoided in patients undergoing RAPN. There is no evidence regarding the efficacy of
wound infiltration in laparoscopic nephrectomy or RAPN.

Various studies have investigated the efficacy of peripheral nerve blocks for laparo-
scopic nephrectomy. Among these, the anterior quadratus lumborum block (AQLB) is a
technique intended to provide an analgesic effect for somatic pain from abdominal and
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hip surgeries [2–4]. AQLB was originally conducted at the L4 level, and the effect ex-
tended to Th11–12. However, a recent study showed that the approach at the L2 level
could be expected to anesthetize from Th6–7 to L1–2 and is more effective for laparoscopic
nephrectomy [5,6].

Although the frequency of AQLB is increasing, some reports have indicated that QLB
causes a decrease in quadriceps strength, and other studies have reported postoperative
muscle weakness in the lower limbs [2,7–9] possibly resulting in delayed early ambulation.
However, to the best of our knowledge, no study has quantified weakness of the quadriceps
muscle after QLB using a handheld dynamometer, which is considered a reliable and
valid instrument.

Therefore, we designed a prospective observational study to quantify the quadriceps
strength after AQLB by using a handheld dynamometer and assessed its clinical influence
under postoperative conditions.

2. Materials and Methods

2.1. Study Design and Setting

The protocol of this prospective observational study was approved by the research
ethics committee of our institution. Informed consent was obtained from all participants.
This study was conducted according to the Strengthening the Reporting of Observational
Studies in Epidemiology initiative [10], and it adheres to the tenets of the Helsinki Declaration.

The study participants were enrolled between November 2020 and June 2022 at Nara
Medical University, with the final follow-up in July 2022.

2.2. Participants

Adults between 20 and 75 years old scheduled for RAPN who provided written in-
formed consent were enrolled. The exclusion criteria were as follows: inability to cooperate,
dementia, allergy to local anesthetics, chronic use of opioids, coagulation disorder (pro-
thrombin time-international normalized ratio > 1.25, activated partial thromboplastin time
> 35 s, platelet count < 10.0 × 109/L), coagulopathy, preoperative muscle weakness or
lower limb pain, and body weight < 40 kg or body mass index > 35 kg/m2.

2.3. Intraoperative Management

All participants received volatile general anesthesia per institutional routine. Fentanyl
and remifentanil were administered intraoperatively at the discretion of the anesthesiologist
in charge. Wound infiltration with local anesthetics was not permitted, and acetaminophen
was administered at the end of surgery. The patients were extubated after conforming the
sufficient reversal of the neuromuscular blockade with sugammadex under the train-of-
four repetition monitoring. Postoperatively, all participants received intravenous patient-
controlled fentanyl analgesia with 0.5 μg/kg/min fentanyl concentration, 1 mL per hour
continuous infusion, 1 mL bolus on demand, and a 10 min lock-out interval.

2.4. Block Procedure

All blocks were performed using a 20-gauge, 100 mm needle (UNIEVER disposable
nerve blockade needle Huber (echogenic), Unisis Corp., Tokyo, Japan). The block operators
were YK, NT, and TS, which were familiar with AQLB. The procedure was performed after
placement in “nephrectomy position”, which is a lateral decubitus position over a slight
table break at the waist.

After skin disinfection, we placed the probe transversely, transitioning laterally from
the costal margin on the midaxillary line to the L2 vertebral body and identified the L2
transverse process and the quadratus lumborum muscle. A 20-gauge needle was advanced
in-plane through the quadratus lumborum muscle in a lateral-to-medial direction, and
saline (1–3 mL) was injected between the quadratus lumborum muscle and the anterior
layer of the thoracolumbar fascia to confirm the correct needle tip position. We tried to
avoid piercing the fascia of the psoas major muscle and spreading local anesthetic within

406



J. Clin. Med. 2023, 12, 3837

the psoas major muscle because the local anesthetic would spread to the lumbar plexus
through the psoas major muscle [11]. Subsequently, 30 mL of 0.375% ropivacaine was
injected to effectuate the AQLB. We recognized the rapid shrinking of the expanded space
as successful AQLB.

2.5. Measuring Muscle Strength

We evaluated quadriceps strength as maximal voluntary isometric contractions (MVIC)
using a handheld dynamometer (MT-100, Sakai Medical Co., Ltd., Fukuoka, Japan) on the
day before surgery and on postoperative days (PODs) 1 and 4. The participants were seated
with their hips flexed at approximately 85◦, knees flexed at 90◦, and hands holding the side
of the seat (Figure 1). A strap was placed above the ankle joint and adjusted to the correct
length. We investigated the incidence of muscle weakness, defined as a 25% reduction
in MVIC on POD 1 compared with the preoperative baseline. We also defined “muscle
weakness possibly caused by nerve block” as a 25% MVIC reduction compared with the
non-block side. Furthermore, we assessed the postoperative course with the numerical
rating scale (NRS range, 0–10, with 0 indicating no pain and 10 quadriceps strength the
worst pain imaginable) 2 h after surgery and on PODs 1 and 4, and the Japanese version
of the quality of recovery-15 (QoR-15 range, 0–150, with a higher score indicating a better
quality of recovery) the day before the surgery and on PODs 1 and 4 [12–14].

 

Figure 1. Testing position for strength assessment and the handheld dynamometer. (A) One end
of the non-elastic belt was fixed on the front of the ankle, and the other was immobilized on the
bar of the chair. The red arrow indicates the direction of the force exerted by the participants. The
same position and chair were used for all assessments. (B) An image of the pull-type handheld
dynamometer with non-elastic belts attached to both ends of the device.

2.6. Sample Size Calculation

Because no previous study investigated the incidence of muscle weakness caused
by AQLB, we referred to an earlier study that examined the muscle weakness caused
by psoas compartment block [15] because the local anesthetics were administered in the
similar compartment. This study described that the incidence rate of “no movement” and
“active movement only with gravity eliminated” at 6 h after nerve block was 26% and 25%,
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respectively. We hypothesized that the “no movement” group (26%) or the “no movement”
and “active movement only with gravity eliminated” groups (51%) would affect muscle
strength after 24 h.

The incidence of these groups ranged from 26 to 51%, and we set the probability
of AQLB causing muscle weakness at 35%. We estimated that the incidence of muscle
weakness among the 27 patients could be detected with 90% power and a margin of error
of ±20% using the Clopper–Pearson confidence interval. The target sample size was set at
30 cases considering a dropout rate of 10%.

2.7. Statistical Methods

The primary goal of this study was to estimate the incidence of postoperative muscle
weakness on POD 1. We simultaneously assessed muscle weakness compared with preop-
erative baseline and the strength of the non-block side. The incidence was evaluated as the
percentage of participants with muscle weakness, and two-sided 95% confidence intervals
(CIs) were determined.

The secondary goals were to investigate the association between muscle weakness
and the NRS or QoR-15. We determined the cut-off values of the NRS score and QoR-15 to
be ≥4 and ≥122, respectively. We evaluated the relative risk and two-sided 95% CIs.

3. Results

We intended to collect 38 participants’ complete data; however, 7 were excluded
because they refused to undergo the postoperative muscle evaluation because of pain,
postoperative nausea, or hyperpnea. One was excluded because of early discharge on POD
4. Therefore, we included 38 participants between November 2020 and June 2022, and
30 patients were included in the analysis, as shown in Figure 2. The patient characteristics,
surgical data, and outcome parameters are presented in Tables 1 and 2. No significant
differences were observed in the patient characteristics or surgical data. The muscle
strength of the block side on POD 1 was significantly lower and the NRS scores 2 h after
surgery in the muscle weakness group were significantly higher than those in the no-muscle
weakness group.

Figure 2. Patient flow diagram.
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Table 1. Patient characteristics.

No-Muscle Weakness Group
(n = 21)

Muscle Weakness Group
(n = 9)

p-Value

Sex 0.10

Male 14 (66.7%) 3 (33%)

Female 7 (33.3%) 6 (67%)

Age (years) 64.0 [38, 75] 67.0 [53, 74] 0.70

BMI (kg/m2)
24.2

[18.4, 31.8]
22.1

[21.6, 29.1] 0.39

ASA-PS 0.08

1 0 (0%) 2 (22%)

2 21 (100%) 7 (78%)

3 0 (0%) 0 (0%)

4 0 (0%) 0 (0%)
Values are expressed as medians [min, max] or numbers (proportion). BMI: body mass index, ASA-PS: American
Society of Anesthesiologists—physical status.

Table 2. Surgical data and outcome parameters.

No-Muscle Weakness Group
(n = 21)

Muscle Weakness Group
(n = 9)

p-Value

Surgical
approach 1.00

Posterior 11 (52.3%) 5 (56%)

Anterior 10 (47.6%) 4 (44%)

Ureteral
catheter 0.68

With
catheter 14 (66.7%) 7 (78%)

No catheter 7 (33.3%) 2 (22%)

Duration of
surgery (min) 196 [94, 301] 229 [131, 269] 0.39

Muscle
strength (kgf)

Block side

POD 0 17.8 [6.2, 36.8] 16.7 [10.9–31.4] 0.71

POD 1 18.9 [8.4, 35.2] 12.4 [3.0–21.2] 0.03

POD 4 19.1 [10.0, 42.5] 14.5 [9.1–32.0] 0.20

Non-block
side

POD 0 20.8 [6.0, 35.5] 16.4 [10.6–33.2] 0.59

POD 1 20.3 [6.6, 38.6] 15.6 [5.5–27.1] 0.20

POD 4 15 [9.1, 36.0] 13.1 [10.2–27.0] 0.39

NRS scores at
rest

2 h after
surgery 1 [0, 4] 3 [0, 8] 0.02
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Table 2. Cont.

No-Muscle Weakness Group
(n = 21)

Muscle Weakness Group
(n = 9)

p-Value

POD 1 1 [0, 5] 2 [0, 4] 0.80

POD 4 0 [0, 4] 0 [0, 4] 0.42

NRS scores at
movement

POD1 4.5 [0, 10] 5 [3, 6] 0.73

POD4 2 [0, 5] 4 [0, 7] 0.13

QoR-15

Preoperative 148 [117, 150] 147 [138, 150] 0.20

POD 1 120 [43, 150] 109 [59, 137] 0.22

POD 4 138 [108, 149] 138 [88, 143] 0.44
Values are expressed as medians [min, max] or numbers (proportion). NRS: numerical rating scale, POD:
postoperative day, QoR-15: quality of recovery-15.

3.1. Muscle Strength

A scatter plot of muscle strength of the block side compared with the preoperative
baseline and non-block side on POD 1 is shown in Figure 3. The incidence of muscle
weakness on POD 1 was 9 out of 30 (30.0%, 95% CI, 14.7–49.4). The incidence of muscle
weakness possibly caused by nerve block was 4 out of 30 (13.3%, 95% CI, 3.76–30.7).

Figure 3. Scatter plot of muscle strength of the block side on postoperative day 1. Dotted lines
represent the cut-off values of muscle weakness, which is 25% reduction of muscle strength from
the baseline.

3.2. Postoperative Pain and Recovery

The NRS scores at each time point are shown in Figure 4. The median values (mean
values) of the NRS scores at rest were 2 (1.9) 2 h after surgery; 1 (1.5) on POD 1; and 0 (0.6)
on POD 4. The median values (mean values) of the NRS scores for movement were 4 (4.3)
on POD 1 and 2 (2.6) on POD 4. Among 30 patients, 11 showed a score of 0 2 h after surgery.
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Figure 4. Box plots and dot plots for numerical rating scale scores at each time point. Boxes represent
median values (horizontal rule) with the 25th and 75th percentiles (lower and upper limits of boxes,
respectively). Error bars indicate the range of non-outlying values. Dots represent the NRS scores of
each patient. Black circles represent the mean values of the NRS scores.

The associations between muscle weakness and NRS or QoR-15 scores are shown in
Table 3. Patients with an NRS of ≤4 tended to have muscle weakness on POD 1 and POD
4 with a relative risk of 1.75 (95% CI, 0.44–6.93) and 2.33 (95% CI, 0.58–9.43), respectively.
Cases with a QoR-15 score of <122, which was classified as moderate or poor [13] tended to
have muscle weakness on POD 1 and 4 with a relative risk of 2.33 (95% CI, 0.58–9.38) and
3.25 (95% CI, 0.86–12.31), respectively.

Table 3. Association between NRS or QoR-15 scores and muscle weakness.

No-Muscle
Weakness

Group

Muscle
Weakness

Group
All (n = 30)

POD 1

NRS ≥ 4 13 (65.0%) 7 (35.0%) 20

NRS < 4 8 (80.0%) 2 (20.0%) 10

RR 1.75 (0.44–6.93)

POD 4

NRS ≥ 4 6 (66.7%) 3 (33.3%) 9

NRS < 4 18 (85.7%) 3 (14.2%) 21

RR 2.33 (0.58–9.43)

POD 1

QoR-15 < 122 11 (61.1%) 7 (38.8%) 18

QoR-15 ≥ 122 10 (83.3%) 2 (16.7%) 12

RR 2.33 (0.58–9.38)

POD 4

QoR-15 < 122 2 (50%) 2 (50%) 4

QoR-15 ≥ 122 22 (84.6%) 4 (66.7%) 26

RR 3.25 (0.86–12.31)
RR (risk ratio) is expressed with 95% confidence intervals.
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4. Discussion

The incidence of postoperative muscle weakness was 30% and the incidence of muscle
weakness possibly caused by nerve block was 13.3% compared with the non-block side.
Meanwhile, we defined muscle weakness as a 25% reduction in MVIC compared with the
baseline. However, the muscle strength of some patients was distributed around the cut-off
values on POD 1. The incidence rates in this study were not definitive. We believe that
the significance of this study is that these results provide accurate data on perioperative
muscle strength in patients receiving nerve blocks, which may cause muscle weakness.

Although we expected the incidence of quadriceps weakness to be 35 ± 20%, as men-
tioned above, the incidence in this study was 13.3%. We assume that this low incidence is
related to how we performed AQLB. Previous studies have suggested that two pathways
of local anesthetics after AQLB cause quadriceps weakness: (1) a pathway posterior to
the arcuate ligaments and into the paravertebral space [11,16]; and (2) a pathway into the
lumbar plexus through the psoas major muscle. Several cadaveric studies have reported
that local anesthetics after AQLB spread into the paravertebral area with a probability of
63–100% [11,17]. This spread into the paravertebral space causes muscle weakness, consid-
ering that the paravertebral block is suggested to cause quadriceps motor weakness [18].
Another pathway is through the psoas muscle to the lumbar plexus. A cadaveric study
described that local anesthetic in all 10 AQLB procedures had spread consistently to the
lumbar plexus and within the psoas major muscle [19]. Another cadaveric study indicated
that the lumbar plexus was unaffected if the psoas major muscle was not pierced [11].
Therefore, our approach for avoiding piercing the psoas major muscle in this study may
have resulted in the low incidence of quadriceps weakness.

Various factors affect postoperative muscle weakness: pain [20], muscle atrophy [21],
inflammation [22–25], surgical complications or nerve block [26], opioid therapy, and
residual neuromuscular block [27]. In this study, patients with NRS scores of ≥4 and
moderate or poor QoR-15 scores tended to have muscle weakness. Considering these
results, postoperative muscle strength in this study was possibly affected by pain and the
quality of recovery. We also compared the muscle strength of the block side with that
of the non-block side, excluding factors other than nerve block, such as pain, quality of
recovery, or inflammation. Although we compared the postoperative NRS and QoR-15
scores between both groups and there were no significant differences, patients in the muscle
weakness group showed a tendency to have more postoperative pain and a lower quality
of recovery.

We defined muscle weakness as a 25% reduction in MVIC compared with the pre-
operative baseline. A previous study showed that handgrip strength was reduced by
16.4% on POD 1 owing to postoperative muscle atrophy [21], and it was considered that
quadriceps strength on POD 1 was similarly reduced. Therefore, we set the cut-off value
considering other factors, such as postoperative pain and inflammation. We defined a 25%
reduction compared with the non-block side as muscle weakness possibly caused by the
nerve block because a difference of 10% between sides is physiologically normal in healthy
volunteers [28].

The incidence of muscle weakness in this study (13.3%) was slightly lower than that
reported in a recent study (16.7%) [8] which was published during the study registration
period of the present work. We evaluated muscle strength objectively using a handheld
dynamometer; however, the recent previous study documented quadriceps weakness
as muscle strength grade 2 out of 5 or less in hip flexion and knee extension 2 h after
surgery [8]. This difference in measurements and time points may have affected the results.
Although the ERAS®Society recommends early ambulation, and some hospitals encourage
patients to walk on the same day as surgery [29], our institutional protocol for RAPN
demands that the first ambulation occurs on POD 1 to ensure patient safety. Therefore,
we measured muscle strength on POD 1 when the patients ambulated for the first time
after surgery.
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There are four approaches for QLB based on the injection site: lateral, posterior,
anterior, and intramuscular QLB. These approaches were reported to be effective for
various surgeries [2–4,30]. There has been little evidence of these QLB approaches for
laparoscopic nephrectomy; however, AQLB at the L2 level has been reported to be effective
for laparoscopic nephrectomy. The original AQLB is performed at the L4 level [31]; however,
a previous study showed that its cutaneous sensory blockade is only from T11 to L1 [5].
Therefore, we performed AQLB at the L2 level. In a previous study, the mean NRS scores
after RAPN were 5.9, 3.5, and 1.5 on POD 0, 1, and 4, respectively. In this study, the mean
NRS scores at rest were 1.9 on POD 0 (11 out of 30 patients showed 0), 1.5 on POD 1, and
0.6 on POD 4, and the NRS scores upon movement were 4.3 on POD 1 and 2.6 on POD 4.
These results reflect the effectiveness of AQLB at the L2 level.

We administered 30 mL of 0.375% ropivacaine to all participants, which may have led
to a higher incidence of muscle weakness in female participants. To our knowledge, there
are no studies that have investigated the minimum effective volume and concentration
for AQLB. In previous studies described in a meta-analysis [32], 20–30 mL of 0.2–0.375%
ropivacaine was used for QLB, while in a previous study for ATLB at the L2 approach,
20 mL of 0.375% ropivacaine was administered [5]. However, the recent study showed
that a larger volume for AQLB contributed to a larger analgesic area [33], supporting our
decision to use 30 mL of 0.375% ropivacaine for better analgesia in our surgical settings.

Seven participants were excluded because they refused to provide muscle strength
measurements. Among the seven excluded participants, two claimed that nausea and
hyperpnea were too severe to participate in the measurements. Four participants refused
follow-up owing to wound pain; however, they described low NRS scores (0, 0, 3, and 6 at
rest, and 3, 3, 3, and 6 upon movement on POD 1, respectively). It is rational to consider
that the participants were hesitant to measure muscle strength because the procedure
required maximum strength, which might have caused additional pain. This is a limitation
of this study.

There are also other limitations. This was a prospective observational study; hence, a
prospective randomized study is required to assess muscle weakness after AQLB compared
with placebo in patients undergoing RAPN. However, we investigated the weakness of the
block-side quadriceps muscle compared with the non-block side, which can be regarded
to show the effect of the nerve block. Furthermore, the influence of postoperative muscle
atrophy on muscle strength cannot be excluded. However, our definition of a 25% reduction
in MVIC minimized the influence of muscle atrophy in the results.

In conclusion, the incidence of the quadriceps weakness after AQLB on POD 1 was
30.0%, and 13.3% of the total may be affected by AQLB; however, all patients could ambulate
on POD 1. A further randomized controlled trial is needed for a clear characterization
of AQLB.
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Abstract: As optimal intraoperative fluid management in liver surgery has not been established,
we retrospectively analyzed our fluid strategy in a high-volume liver surgery center in 666 liver
resections. Intraoperative fluid management was divided into very restrictive (<10 m kg−1 h−1) and
normal (≥10 mL kg−1 h−1) groups for study group characterization. The primary endpoint was
morbidity as assessed by the Clavien–Dindo (CD) score and the comprehensive complication index
(CCI). Logistic regression models identified factors most predictive of postoperative morbidity. No
association was found between postoperative morbidity and fluid management in the overall study
population (p = 0.89). However, the normal fluid management group had shorter postoperative
hospital stays (p = <0.001), shorter ICU stays (p = 0.035), and lower in-hospital mortality (p = 0.02).
Elevated lactate levels (p < 0.001), duration (p < 0.001), and extent of surgery (p < 0.001) were the most
predictive factors for postoperative morbidity. In the subgroup of major/extreme liver resection, very
low total (p = 0.028) and normalized fluid balance (p = 0.025) (NFB) were associated with morbidity.
Moreover, fluid management was not associated with morbidity in patients with normal lactate levels
(<2.5 mmol/L). In conclusion, fluid management in liver surgery is multifaceted and must be applied
judiciously as a therapeutic measure. While a restrictive strategy appears attractive, hypovolemia
should be avoided.

Keywords: intravenous infusion; fluid management; surgical procedures; hepatectomy; adverse
effects

1. Introduction

Liver surgery has become a safe treatment for primary and secondary liver tumors
due to refinements in parenchymal transection and improved perioperative management.
Compared to intestinal surgery, liver surgery is generally associated with higher blood
loss, different metabolic stress responses, and organ-specific complications. In addition,
liver surgery has higher morbidity and mortality rates compared to other surgical patient
populations (e.g., colorectal surgery) [1,2]. Inflow occlusion (Pringle maneuver) is an estab-
lished measure to prevent bleeding during parenchymal transection. As liver ischemia may
cause significant liver injury and impaired liver function, most surgeons prefer intermittent
inflow occlusion during prolonged transection phases [3]. Total vascular exclusion (TVE)
in addition to inflow occlusion or ante-situm resections completely prevents bleeding and
allows reconstruction of hepatic veins [4]. However, these procedures affect the patient’s
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circulatory status and increase the requirements for optimal anesthetic management during
liver surgery. Consequently, these useful procedures should only be used when necessary.

More than 20 years ago, a low central venous pressure (CVP) strategy was identified as
a strategy to reduce blood loss during liver surgery [5], since a lower CVP is considered to
be associated with lower pressures in the venous system of the liver, resulting in less blood
loss, particularly during inflow occlusion periods. Since then, this low-CVP strategy has
been adopted by many expert centers, and a recent survey among expert centers for liver
surgery revealed that more than 60% of respondents follow this low-CVP strategy. However,
fluid management varies widely among these centers, with 22% following goal-directed
therapy and 6% aiming for euvolemia to minimize blood loss [6].

The enhanced recovery after surgery (ERAS) society also recommends balanced fluid
management with the goal of euvolemia in liver surgery [1]. According to the ERAS
recommendations, balanced crystalloids should be preferred over saline as the primary
fluid replacement, and a low-CVP strategy is also recommended to reduce blood loss [1].

However, optimal perioperative fluid management in patients undergoing major
abdominal and, in particular, liver surgery is still under debate. Parameters to guide intra-
operative fluid management have not yet been defined. Excessive fluid administration may
compromise oxygenation [7] due to hemodilution, cause pulmonary complications [8], and
increase the risk of wound infection and anastomotic leakage due to intestinal edema and
impaired collagen regeneration. On the other hand, intraoperative hypovolemia can impair
cardiac output and lead to hypoperfusion and organ dysfunction [9]. Current research
mainly focuses on comparing liberal, restrictive, and goal-directed fluid management, with
conflicting results [10–13].

The aim of this study was to define solid parameters for optimal fluid management
during general anesthesia for patients undergoing liver resection. Therefore, we compare
the outcomes of patients with regard to intraoperative fluid management at a high-volume
liver surgery center where general anesthesia is based on a low-fluid/low-CVP strategy.

2. Materials and Methods

2.1. Procedures

The data from patients who underwent liver resection at the Department of General,
Visceral, and Transplantation Surgery of the University Medical Centre Mainz between
December 2014 and September 2018 were analyzed. The primary data source was the
hospital’s digital clinical database. The electronic health records were searched for operating
codes 5-501 and 5-502 for liver procedures. Data were collected primarily to evaluate
the influence of intraoperative fluid management on postoperative outcome in patients
undergoing liver resection. Other risk factors for postoperative adverse events related to
anaesthesiological management were also considered.

The ethics committee of the Medical Association of the State of Rhineland–Palatine
(Germany) approved this retrospective study (registration number: 2020-14894-retrospective)
and waived the requirement for informed consent.

2.2. Eligibility Criteria

Patients aged at least 18 years who underwent liver resection were eligible for analysis.
We excluded liver transplantations and emergency procedures, as well as resections as
part of other primary surgical procedures, due to special hemodynamic preconditions.
We also excluded liver resections with an operative time of less than 70 min, incomplete
documentation of intraoperative fluid administration, estimated blood loss, or diuresis
(Figure 1). Only the first procedure for each patient in the study was analyzed, and no
subsequent procedures during hospitalization were included.
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Figure 1. CONSORT Flow chart of patient eligibility.

2.3. Study Design

This is a retrospective analysis. The anesthesia team continuously documented intra-
operative anesthesiological parameters (heart rate, blood pressure, fluid and drug adminis-
tration, and diuresis).

2.4. Perioperative Management

Patients scheduled for liver resection do not receive specific preoperative measures at
our center. General anesthesia is routinely induced with propofol- and sufentanil-based
injection anesthesia and maintained with balanced sevoflurane inhalation anesthesia. In
general, fluid restriction with euvolemia and a low-CVP strategy are anticipated, and a
decrease in arterial blood pressure of >20% is avoided. There was no standard operat-
ing procedure for fluid management in patients undergoing liver resection. Therefore,
the intraoperative management decisions are made by the attending anesthesiologists,
with potential patient-to-patient variability in the anesthesiological management based
on provider preference. In general, balanced acetate and malate-buffered Sterofundin®

ISO (B. Braun, Melsungen, Germany) is used as the standard crystalloid fluid according
to ERAS recommendations [1]. For colloid fluid replacement, Hemohes® 6% (B. Braun,
Melsungen, Germany), Voluven® 6% (Fresenius Kabi, Germany), or gelatine solutions
such as Gelafundin® ISO 40 mg mL−1 infusion solution (B. Braun, Melsungen, Germany)
are administered. Intraoperative monitoring parameters, such as heart rate registration,
invasive and non-invasive blood pressure measurements, SpO2 (% hemoglobin saturation),
5-channel echocardiogram, CVP, diuresis, estimated blood loss, and temperature (◦Celsius),
are used according to clinical standards. A pringle maneuver is applied on demand using
an intermittent clamping strategy. Tissue dissection is usually performed mechanically
using scissors or a crush-clamp technique. Hilar structures and hepatic veins are transected
using vascular clamps and closed with prolene sutures. Postoperatively, patients are rou-
tinely monitored overnight in the recovery room. Depending on comorbidities, the extent
of surgery, and the intraoperative course, patients may be transferred to the intermediate
care unit (IMC) or intensive care unit (ICU). Patients are transferred to the regular ward the
following day if there is no evidence of bleeding and hemodynamic support is not required.
Pain management is based on intravenous analgesics such as metamizole and piritramid.
Epidural anesthesia is not used for liver surgery.
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2.5. Extent of Surgery

Liver resections involving ≤3 segments were considered minor, whereas those in-
volving four or more segments were considered major. Major resections with additional
procedures such as portal vein or bile duct resection/reconstruction were categorized as
extreme liver surgery.

2.6. Intraoperative Fluid Management

Total intraoperative total fluid balance (TFB) was calculated using the following
formula:

(Crystalloid-infusion + colloid-infusion) − (estimated blood loss + diuresis).

The total fluid balance was normalized for anesthesia time and patient weight (NFB).

(Crystalloid − infusion + colloid − infusion)− (estimated blood loss + diuresis)
kilogramm bodyweight × ansthetic time (hours)

Based on this intraoperative fluid management, patients were assigned to either a
very restrictive fluid management group (<10 mL kg−1 h−1) or a normal fluid management
group (≥10 mL kg−1 h−1) for study group characterization.

The number of intraoperatively administered red blood cell units (220–330 mL unit−1;
hematocrit: 50–70%, with a tolerated deviation of 5%) was also documented. However,
administration of erythrocytes, fresh frozen plasma (FFP), and platelets was not considered,
as the volume is not standardized and can vary by 25–30%.

2.7. Hemodynamics

Intraoperative blood pressure was analyzed at 5-min intervals, and hypotension was
defined as a decrease in systolic arterial blood pressure below 80% of baseline. Total
hypotension time was calculated for each patient based on the number and duration of
hypotensive episodes. The intraoperative pharmacological vasoactive support, e.g., nore-
pinephrine, the highest intraoperative lactate level, and the last intraoperative hemoglobin
level were also recorded.

In a further step, a more sensitive hypotension limit of mean arterial pressure
(MAP) ≤ 65 mmHg was established, and the influence on postoperative morbidity was
investigated according to the same protocol.

2.8. Surgical Morbidity

Postoperative morbidity based on the Clavien–Dindo (CD) classification is prospec-
tively graded and documented in the surgical unit [14]. In addition, surgical morbidity
was retrospectively re-evaluated from patient records to achieve a complete assessment.
Briefly, the CD-classification grades each complication according to the extent of treatment
required for the treatment of that complication: grade III complications require intervention,
grade IV complications require intensive care treatment, and grade V defines the death
of the patient. The CD-classification was applied for postoperative respiratory, hepatic,
gastrointestinal, urologic, cardiac, circulatory, and neurologic adverse events, as well as
infections and delirium.

For the analysis, the highest complication was considered for each patient, and the
comprehensive complication index (CCI) was calculated, as a patient may have had several
complications [15].

2.9. Statistical Analysis

The data were collected and independently checked for data entry errors by four
authors. Data were analyzed using the statistical software R (R Core Team 2022: A language
and environment for statistical computing, R Foundation for Statistical Computing, Vienna,
Austria), version 4.2.2., and presented as mean ± SD or median for continuous variables
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and as frequencies and percentages for categorical variables. The primary endpoint was
postoperative morbidity during hospitalization as assessed by the CD-classification (0 vs.
1–5) in any organ system. Secondary outcomes included morbidity assessed by the CCI,
postoperative hospital and ICU length of stay, and in-hospital mortality. The postoperative
hospital length of stay was measured from the date of surgery to hospital discharge. For the
purpose of simple group comparison, patients with intraoperative NFB < 10 mL kg−1 h−1

were categorized as having received very restrictive fluid management, whereas those with
≥10 mL kg−1 h−1 were categorized as having received normal fluid management. Logistic
regression was used to predict a CD sum score of >0 vs. =0 from intraoperative fluid balance
as a continuous risk factor, adjusting for sex, age, extent as well as duration of surgery,
crystalloid infusion, last hemoglobin-level (<10 vs. ≥10 g/dL), highest intraoperative
lactate level (<1.5 vs. ≥1.5 mmol·L−1), norepinephrine, red blood cell transfusion, estimated
blood loss, time of relative hypotension (<100 vs. ≥100 min), and ASA physical status
(I/II vs. III/IV). Linear regression modelling was used to examine intraoperative fluid
management as a continuous risk factor for postoperative complications graded by the CCI,
adjusting for the same set of covariates. The association of postoperative length of stay
with intraoperative fluid management was analyzed using Cox regression, adjusting for the
same set of covariates. For patients admitted to the ICU, the association between ICU length
of stay and intraoperative fluid management was examined using Cox regression with the
same set of covariates. For these analyses, all IMC and ICU days per patient were summed,
whereas overnight observation in the recovery room was not considered an ICU stay.
Logistic regression for in-hospital mortality used continuous intraoperative fluid balance
as a risk factor, adjusting for age, extent, duration of surgery, and crystalloid infusion
rates. Here, the number of possible covariates was limited by the number of observed
deaths. Linear regression for the log of norepinephrine normalized to patient weight and
duration of anesthesia was used to examine the association of pharmacological vasoactive
support with intraoperative fluid management, controlling for age. Hypotheses regarding
intraoperative fluid management as a risk factor for postoperative complications were
predefined. Additional exploratory analyses were performed to examine other risk factors
for postoperative surgical adverse events. Finally, subgroup analyses were performed using
logistic regression models for major and extreme liver resections and for the subgroup of
normal lactate levels at the end of surgery for the same endpoints.

3. Results

We identified 820 patients scheduled for liver resection during the study period, of
whom 666 met the eligibility criteria for this analysis (Figure 1).

Of these, 391 patients were assigned to the very restrictive (<10 mL kg−1 h−1) and
275 patients to the normal (≥10 mL kg−1 h−1) groups. Patient demographics and character-
istics are summarized in Table 1. The standardized mean difference of NFB between ASA
groups I/II vs. III/IV is presented as Cohen’s d (0.25, 95% confidence interval 0.09–0.40).

Table 1. Patients’ characteristics.

Parameter Overall <10 mL·kg−1·h−1 ≥10 mL·kg−1·h−1 p-Value

Study population 666 391 (58.71%) 275 (41.29%)
Age (years, mean ± SD) 61.7 ± 12.9 61.8 ± 12.9 61.6 ± 13.1 0.71

BMI (kg/cm2, mean ± SD) 26.8 ± 4.97 28.2 ± 4.93 24.9 ± 4.36 <0.001
ASA I–II 336 (50.5%) 176 (45.01%) 160 (58.18%) <0.001

ASA III–IV 330 (49.5%) 215 (54.99%) 115 (41.82%) 0.031
Diagnosis

Hepatocellular carcinoma (HCC) 123 (18.5%) 72 (18.4%) 51 (18.5%)
Hepatic adenocarcinoma 26 (3.9%) 16 (4.1%) 10 (3.6%)

Extrahepatic Cholangiocarcinoma (CCC) 62 (9.3%) 48 (12.3%) 14 (5.1%)
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Table 1. Cont.

Parameter Overall <10 mL·kg−1·h−1 ≥10 mL·kg−1·h−1 p-Value

Intrahepatic Cholangiocarcinoma (CCC) 67 (10%) 39 (10.0%) 28 (10.2%)
Colorectal metastases 290 (43.5%) 165 (42.2%) 125 (45.5%)

Others 98 (14.7%) 51 (13.0%) 47 (17.1%)
Extent of surgery

Minor liver resections 430 (64.6%) 238 (60.87%) 192 (69.82%) 0.031
Major liver resections 96 (14.4%) 58 (14.83%) 38 (13.82%)

Extreme liver resections 140 (21.0%) 95 (24.3%) 45 (16.36%)
Duration of surgery (h, mean ± SD) 4.29 ± 1.77 4.7 ± 1.81 3.71 ± 1.54 <0.001

Anesthesia time (h, mean ± SD) 5.78 ± 1.85 6.2 ± 1.91 5.2 ± 1.6 <0.001
Estimated blood loss (ml, mean ± SD) 1188 ± 1011 1127 ±910 1200 ± 1031 <0.001

Red blood cell transfusion 175 (26.3%) 27 (24.32%) 148 (26.67%) 0.012
Total Norepinephrine (μg/kg ×min, mean ± SD) 0.0416 ± 0.0408 0.040 ± 0.0381 0.043 ± 0.0444 0.64

Maximum Lactate (mmol/L, mean ± SD) 2.16 ± 1.37 2.33 ± 1.5 1.93 ± 1.13 <0.001
Last Hemoglobin (g/dL, mean ± SD) 10.7 ± 1.79 10.9 ± 1.84 10.5 ± 1.7 0.011

Time of relative hypotension † (min, mean ± SD) 138 ± 120 154 ± 126 116 ± 106 <0.001
Sterofundin (ml·kg−1·h−1, mean ± SD) 15 ± 6.13 11.9 ± 3.56 19.5 ± 6.22 <0.001

Total Sterofundin volume (mL, min.–max.)
4000

(1100–14500)
4500

(1500–24000) 0.015

Clavien-Dindo = 0 318 (47.75%) 170 (43.48%) 148 (53.82%)
Clavien-Dindo > 0 348 (52.25%) 221 (56.52%) 127 (46.18%)

CCI-Score (mean ± SD) 23.8 ± 26.0 26.4 ± 26.6 20.1 ± 24.9
Postoperative hospital LOS (days, mean ± SD) 16.2 ± 15.0 17.5 ± 16.5 14.2 ± 12.3

ICU LOS (days, mean ± SD) 2.96 ± 5.52 3.16 ± 5.99 2.64 ± 4.68
In-hospital mortality 30 (4.5%) 20 (5.1%) 10 (3.64%)

BMI: body mass index; LOS: length of stay; SD: standard deviation; † Relative hypotension: ≤80% baseline
systolic arterial blood pressure. Minor liver resection: ≤3 segments; major liver resection: ≥4 segments; extreme
liver resection: major resections with additional procedures).

Most resections involved less than four segments (minor), and one third of the resec-
tions were major/extreme resections (35.5%).

The duration of surgery, postoperative hospital length of stay (Figure 2a), and ICU
length of stay (Figure 2b) gradually increased with the extent of liver surgery.

3.1. Intraoperative Circulatory Parameters and Fluid Management

In general, older patients required higher doses of norepinephrine (p = 0.001) than
younger patients. In addition, higher blood loss was associated with higher norepinephrine
doses (p < 0.001).

The mean intraoperative NFB was 9.77 ± 5.24 mL kg−1 h−1 and ranged from −2.71 to
57.4 mL kg−1 h−1. NFB gradually decreased with the extent of surgery and was associated
with blood loss (p < 0.001). Intraoperative NFB showed only an insignificant (p = 0.86)
association with pharmacological vasoactive support.

A higher NFB was mainly due to a higher crystalloid infusion (19.5 ± 6.22 mL kg−1 h−1)
compared to patients in the very restrictive group (11.9 ± 3.56 mL kg−1 h−1) (Table 1,
Figure 3).

Patients in the normal group received 4500 mL (1500–24,000 mL) of crystalloids, in
contrast to 4000 mL (1100–14,500 mL) in the very restrictive group. The total crystalloid
infusion rate gradually increased with the extent of surgery, with minor liver resections
receiving 2723 mL (−600–8700 mL), major resections receiving 3203 mL (100–8100 mL),
and extreme resections receiving the highest with 3884 mL (−500–13,000 mL, p = 0.09).
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(a) 

(b) 

(c) 

Figure 2. Subgroup analysis on extent of surgery: (a) Hospital length of stay (LOS) and extent of
surgery; (b) ICU length of stay (LOS) and extent of surgery; (c) Comprehensive complication index
(CCI) and extent of surgery.

Figure 3. Association between NFB and crystalloid infusion. NFB was mainly based on crystalloid
infusion, with a positive correlation between the two values.
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3.2. Hospital Stay

The median postoperative hospital length of stay for the entire cohort of patients was
11 days (1–126 days), and 393/666 (59.9%) of patients required an ICU stay during the
post-operative period for a median of 1 day (range 1–45 days).

The extent (p < 0.001) and duration of liver surgery (p < 0.001) were associated with a
longer hospital length of stay. While higher total (p = 0.004) and NFB (p < 0.001, Table 2) were
associated with a shorter hospital length of stay, higher volumes of crystalloid infusions
(p = 0.004) were associated with a longer hospital length of stay (Table 3).

Table 2. Odds Ratios for NFB in logistic regression models and hazard ratios for NFB in Cox
regression models.

Endpoints Odds Ratio 95% CI p-Value

Clavien-Dindo classification >/= 0 1.0 0.97–1.04 0.89
Mortality 0.88 0.78–0.98 0.02

Hazard Ratio 95% CI p-value

Postoperative hospital LOS 1.05 1.02–1.09 <0.001
ICU LOS 1.04 1.00–1.08 0.035

CI: Confidence Interval; ICU: Intensive Care Unit; LOS: length of stay (Models for Clavien-Dindo classification >/= 0,
postoperative LOS and ICU LOS adjusted for sex, age, extent as well as duration of surgery, crystalloid infusion,
last hemoglobin-level (<10 vs. ≥10 g/dL), highest intraoperative lactate level (<1.5 vs. ≥1.5 mmol·L−1), nore-
pinephrine, red blood cell transfusion, estimated blood loss, time of relative hypotension (<100 vs. ≥100 min),
and ASA physical status (I/II vs. III/IV) Mortality model adjusted for age, extent as well as duration of surgery,
and crystalloid infusion).

Table 3. Predictive factors (Hazard Ratios) in Cox regression models for postoperative hospital and
ICU stays.

Intraoperative Parameters Hazard Ratio 95% CI p-Value

Postoperative hospital LOS
Extent of surgery 0.66 0.52–0.84 <0.001

Duration of surgery 0.79 0.75–0.84 <0.001
Total Fluid balance (TFB) 1.15 1.05–1.26 0.004

Normalized fluid balance (ml kg−1 h−1) (NFB) 1.053 1.02–1.09 <0.001
Crystalloid infusion 0.88 0.81–0.96 0.004

ICU LOS

Intraoperative lactate 0.72 0.56–0.92 0.008
Duration of surgery 0.85 0.8–0.92 <0.002

Normalized fluid balance (ml kg−1 h−1) (NFB) 1.04 1.003–1.08 0.035
CI: Confidence Interval; ICU: Intensive Care Unit; LOS: length of stay (All models adjusted for Clavien-Dindo
classification >/= 0, postoperative LOS and ICU LOS adjusted for adjusting for sex, age, extent as well as duration
of surgery, crystalloid infusion, last hemoglobin-level (<10 vs. ≥10 g/dL), highest intraoperative lactate level (<1.5
vs. ≥1.5 mmol·L−1), norepinephrine, red blood cell transfusion, estimated blood loss, time of relative hypotension
(<100 vs. ≥100 min), and ASA physical status (I/II vs. III/IV)).

3.3. ICU Stay

Higher intraoperative lactate levels (p = 0.008), a shorter duration of surgery (p < 0.002),
and a lower NFB (p = 0.035, Table 2) were associated with a longer ICU length of stay
(Table 3).

3.4. Postoperative Morbidity

Regarding post-operative morbidity, approximately half of the patients (52.25%) had a
post-operative complication, the majority of which were grade III (21.5%). The median CCI
was 20.9.

The extent (p < 0.001) and duration of surgery (p < 0.001) were associated with morbid-
ity: the median CCI gradually increased with the extent of surgery, as minor liver resections
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had a mean CCI of 18.5 (0–100), whereas major and extreme resections had median CCIs of
23.6 (0–100) and 40.3 (0–100), respectively (Figure 2C).

Increased intraoperative lactate levels (p < 0.001, Figure 4), red blood cell transfusion
(p < 0.001), estimated blood loss (p < 0.001), and intraoperative vasoactive support with
norepinephrine (p = 0.02) were associated with higher morbidity. We found no association
of morbidity with the last intraoperative hemoglobin level (p = 0.022), the time of relative
hypotension (p = 0.29), or intraoperative NFB (p = 0.89) (Table 4).

Figure 4. Association of intraoperative lactate levels and surgical morbidity (CCI). Patients with
higher lactate levels revealed higher morbidity, according to the CCI (p < 0.001).

Table 4. Association of clinical parameters with the comprehensive complication index (CCI) and
mortality from linear regression models.

Exploratory Risk Factor Estimate t Value p-Value

Morbidity

Age 0.34 4.77 <0.001
Sex −1.81 −0.95 0.343

Red blood cell transfusion 2.70 6.02 <0.001
Estimated blood loss 5.41 5.14 <0.001
Relative Hypotension 0.009 1.06 0.29

Lactate 2.59 3.54 <0.001
Norepinephrine (μg kg−1 min−1) 53.14 2.34 0.02

Duration of surgery 5.19 8.47 <0.001
Hb last −1.24 −2.30 0.022

Odds Ratio 95% CI p-value

Mortality

Age 1.03 0.99–1.06 0.119
Extent of surgery 4.94 2.21–12.12 <0.001

Total fluid balance (TFB) 1.23 1.03–1.24 0.01
Normalized fluid balance (NFB) 0.88 0.78–0.98 0.023

Hb, Hemoglobin; CI, Confidence Interval.

3.5. Mortality

Overall, 30 of the 666 (4.5%) patients died. As expected, major/extreme liver resections
were associated with a higher mortality rate (p < 0.001). Interestingly, a very low NFB was
also associated with a higher mortality rate (p = 0.023) compared to the total population in
the study (p = 0.02, Table 2).
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3.6. Hypotension

Additionally, after applying a MAP ≤65 mmHg as the cut-off for hypotension in the re-
gression analysis, we did not find a significant association with postoperative complications
as measured by the CD score (p = 0.10).

In this analysis, we found a significant association between NFB and CD score
(p = 0.026). Again, NFB and CCI were not significantly associated (p = 0.23).

Moreover, NFB was again significantly associated with perioperative mortality (p = 0.023)
and length of hospital stay (p = 0.0057). However, the length of the ICU stay was no longer
significantly associated with NFB.

3.7. Subgroup Analyses
3.7.1. Major/Extreme Liver Resections

As we expected the fluid strategy to be most relevant to the outcome of major/extreme
liver resections, we performed subgroup analyses by excluding minor liver resections.

The median CCI of the major/extreme resections (n = 236) was 33.5 (0–100), with a
mortality rate of 9.3%.

In major/extreme liver resections, patient age (p = 0.002), duration of surgery (p < 0.002),
as well as very low total (p = 0.028), NFB (p = 0.025), and crystalloid fluid supplementation
(p = <0.0001), were associated with a higher CCI. In this subgroup of patients, the highest
lactate level (p = 0.007), the dose of norepinephrine (p = 0.004), the amount of blood loss
(p = 0.003), and red blood cell transfusions (p < 0.001) were also associated with the CCI.

For the other parameters, the duration of surgery (p = 0.01) and the use of crystalloids
(p = 0.02) were associated with a longer hospital length of stay.

In contrast to the overall cohort, only the duration of surgery (p < 0.0001) was an
independent factor associated with a longer ICU length of stay in this subgroup analysis.

Regarding mortality, only the use of crystalloids was significantly associated with
mortality (p = 0.01).

3.7.2. Normal Serum Lactate Levels

We found an association between a very low TFB and a longer postoperative hospital
length of stay, a longer ICU LOS, and a higher postoperative mortality rate. To analyze
whether our general fluid management may have been too restrictive, and hypovolemia is
often associated with elevated lactate levels, we excluded patients with elevated lactate
levels and focused on patients with normal serum lactate levels (<2.5 mmol L−1).

In this subgroup of 471 patients, the mortality rate was 2.1% (10/471).
Neither morbidity nor ICU length of stay were associated with NFB or crystalloid

balance in this subgroup. We only found a longer hospital length of stay following liberal
fluid management (p = 0.01) in this subgroup. In addition, duration of surgery remained
a significant factor for morbidity (p < 0.001), length of hospital stay (p < 0.001), and ICU
(p < 0.001) stay.

Due to the very low mortality rate, we could not perform regression analyses for
potential risk factors for mortality.

4. Discussion

Intraoperative fluid management has changed dramatically over the past 20 years,
with increasing evidence that fluid overload increases surgical morbidity and mortality.
This effect has been demonstrated for several surgical procedures, most notably colorectal
surgery, and many studies suggest that restrictive fluid management is advantageous over
liberal fluid management in various surgical specialties [12,16]. Yet, very restrictive fluid
management may also harm patients due to hypovolemia and its consequences [17]. As
the evidence for fluid restriction in liver surgery is not yet well studied, we analyzed the
outcomes of patients undergoing liver surgery at our center, where low-CVP and restrictive
fluid management had been adopted.
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Among 666 liver resections, we found no difference between the very restrictive and
the normal fluid management groups in terms of postoperative morbidity, as determined
by the CD-classification and the CCI. However, very restrictive fluid management was
associated with a longer postoperative hospital and ICU length of stay and a higher postop-
erative mortality rate. In addition, increased lactate levels, higher doses of norepinephrine,
the duration and extent of surgery, as well as red blood cell transfusion and estimated blood
loss, were associated with the incidence of adverse events. In contrast, the last measured
hemoglobin level and cumulative time of relative hypotension were not.

The effect of fluid therapy on postoperative morbidity increased in major/extreme
procedures compared to the overall study population. Here, very low total and NFB levels
and crystalloid fluid supplementation were associated with higher morbidity.

Subgroup analysis of patients with normal serum lactate levels showed that NFB and
crystalloid administration were not associated with morbidity or ICU length of stay in
this group.

The substantial sample size allowed for taking into account several potential con-
founders as covariates in the regression models, such as ASA status, age, sex, and, where
appropriate, duration and size of intervention. These confounders are also known risk
factors for postoperative complications that are also associated with postoperative intensive
care [18]. Other patient- and intervention-specific risk factors were eliminated by applying
exclusion criteria.

When statistically comparing baseline characteristics between the two fluid manage-
ment groups, the large sample size must be taken into account. Here, statistical significance
may result from differences that are small from a clinical perspective but can be demon-
strated with high statistical power. In contrast to previous studies, intraoperative hypoten-
sion was not associated with morbidity in our series [19,20]. Hypotension was defined as a
decrease in systolic blood pressure to <80% of baseline. As described by Sessler et al. [21]
and Wesselink et al. [20], there is currently no consistent definition of hypotension in the
literature. Our relative threshold for hypotension corresponds to the anaesthesiological
intraoperative target in non-cardiovascular, non-cardiosurgical patients at our center and is
one of the most commonly used thresholds in the literature. Due to the aforementioned
variability in the definition of hypotension, we performed a further, more sensitive analysis
using a cut-off of MAP ≤ 65 mmHg. Again, no significant association with postoperative
CCI was found in these models. The CCI is more relevant than the individual complications
scored by the CD score alone, as it includes all complications and reflects their severity.

Furthermore, a small, randomized trial of 48 patients undergoing major liver resection
showed no difference in morbidity between goal-directed (restrictive) and the normal
(liberal) fluid management regimen as assessed by CD-classification [22]. Unfortunately,
the thresholds for both fluid management systems are not comparable to ours. In addition,
this study may have been underpowered to detect such differences.

Postoperative surgical complications have a major impact on patients’ disability-free
survival, increase costs, and are a major burden on the healthcare system [23–25]. The
prevention of perioperative morbidity is therefore of paramount importance. However,
objective assessment of surgical morbidity remains a challenge. The European Perioperative
Clinical Outcome (EPCO) definitions [26] recommend the CD-classification [14] as the
preferred grading system for individual adverse events due to its clear methodology
and definitions: this classification scores the severity of complications according to their
therapeutic consequences. Even with this classification, the complete assessment of surgical
morbidity in the daily routine remains difficult, despite all efforts at standardization [27].
At least complications requiring intervention (◦III-IV) can be reliably assessed, as most
of these procedures are usually documented. The CD-classification is also the standard
classification system used by the Department of General, Visceral, and Transplantation
Surgery at the University Medical Centre of Mainz. In addition, we used the comprehensive
complication index (CCI), which summarizes all complications of an individual patient
according to the CD-classification and provides a continuous value between 0 and 100 as
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the worst (fatal) outcome. Hospital length of stay and mortality are objective parameters
that can always be analyzed retrospectively. Due to their clinical importance, we chose
morbidity, mortality, and hospital and ICU length of stay as endpoints for this analysis.

As expected, the extent and duration of surgery were independent risk factors for
postoperative adverse events. Although we excluded procedures lasting less than 70 min,
the effect of “frontloading” cannot be precluded: shorter procedures are associated with
higher relative fluid doses as they are given during the induction period. This assumption
is supported by higher crystalloid infusion rates in shorter procedures. In addition to
intraoperative parameters, comorbidities and postoperative management may influence
surgical morbidity. Due to the study design, we cannot completely exclude the effect of
such parameters on our results.

With a CCI of 20.9 and a mortality rate of 4.5%, our results are well comparable with
other large series on the outcome of liver surgery [28] and superior to the reported outcome
in Germany [29], mainly due to the high degree of specialization and volume of the center.

Furthermore, the exclusion of high-risk patients by subgroup analysis suggests that
optimization of perioperative management further improves outcomes. In our center, we
have generally adopted a restrictive fluid policy, using mainly crystalloids for fluid replace-
ment as recommended by the ERAS society [1]. In addition, patient blood management
is being increasingly implemented, resulting in lower transfusion rates and increasing
crystalloid infusions.

Moreover, these data should support a less dogmatic fluid management strategy
in liver surgery. The aim of intraoperative fluid management is to support the surgical
strategy of minimizing blood loss by reducing CVP, as this is a well-established outcome
parameter in liver surgery [30]. Accordingly, avoiding fluid overload by restricting fluid
infusion is beneficial, which is particularly evident in laparoscopic liver surgery, where a
very restrictive fluid strategy is indeed anticipated by most surgeons in order to maintain
a dry surgical field [31]. However, sudden events can dramatically destabilize a “dry”
patient and place the patient at a particular risk during liver surgery.

The complex relationship between fluid administration and morbidity has been de-
scribed as a U-shape, with the lowest morbidity in normovolemia and increased morbidity
in hypo- and hypervolemia [13,17]. Our results support this U-shape hypothesis: after
excluding patients with elevated lactate levels, fluid management was no longer associated
with the endpoints of this analysis, and outcome was only related to the extent of surgery.

A wide range and variability in fluid management among patients undergoing liver
resection have been shown to be multifaceted and influenced by factors at the patient,
surgical, and provider levels [32]. Considering these general measures, only a very few
patients met the criteria for a very liberal fluid replacement policy, and the vast majority
would fit into the moderate range, while obviously some also met the very restrictive
criteria proposed by Shin et al. [13]. Moreover, our fluid management is much lower than
that reported by others [32].

Therefore, a more sophisticated strategy is required, and several parameters have been
proposed to optimize intraoperative fluid management. However, the ideal parameters for
optimal fluid management have not yet been identified. Moreover, calculated fluid balances
between centers and publications are difficult to compare since different parameters have
been included. In addition, some authors report total fluid administration or a total fluid
balance, while others normalize for body weight and/or duration of anesthesia. Conse-
quently, the crude parameters are difficult to compare. We provide a range of parameters
that all demonstrate the same associations with our endpoints. Still, intraoperative fluid
loss due to perspiration and blood, platelet, or fresh frozen plasma resuscitation has not
been included in our fluid management due to the wide variation in volume included and
the study design.

Serum lactate is a surrogate parameter for impaired tissue perfusion and a widely
used outcome indicator in critically ill patients. Our data are consistent with the findings of
Wiggans et al. [33].
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The current trend in abdominal surgery is shifting towards goal-directed fluid man-
agement [34]. In liver surgery, the data are limited, and our work contributes to the
re-evaluation of overly restrictive fluid management and a goal-directed strategy aiming
at low euvolemia and restriction by normative lactate. The threshold of 10 mL kg−1 h−1

to define fluid management groups was based on heuristics and should be regarded as
exploratory. Future studies will need to assess whether end-point-specific thresholds or
possibly non-linear dose–response models for continuous fluid management better reflect
the underlying mechanisms.

Due to the association between elevated lactate levels and outcomes, we are now using
this parameter more intensively to control fluid management. Each center should decide
on its own individual strategy to avoid peripheral hypoperfusion due to hypovolemia.
Blood transfusions should also be used with caution in major liver resections, given the
association with morbidity in our series.

Our study has several limitations. First, our study is retrospective, which limits our
ability to control for confounding variables such as patient lifestyle factors and treatment
compliance. These factors may have influenced the results we observed.

Second, our study was conducted at a single center, which may limit the generalizabil-
ity of our findings.

Thirdly, we relied on electronic medical records to collect data on patient outcomes
and intraoperative anesthetic management, so missing or incomplete information cannot
be completely ruled out.

Finally, despite the large sample size of 666 patients, no power calculation was per-
formed prior to the study, which may limit the statistical power of our findings.

5. Conclusions

In this retrospective study, the influence of intraoperative fluid management on postop-
erative morbidity in 666 patients undergoing liver surgery was assessed using the CD-score
and CCI. Low NFB was associated with longer hospital and ICU lengths of stay and
higher mortality. In the major extreme procedure subgroup, low NFB was associated with
increased postoperative morbidity. In patients with normal lactate levels, there was no
association between fluid management and morbidity.

Our results suggest that fluid management in liver surgery requires a more sophisti-
cated approach to optimal fluid administration. Our study provides important insights into
the relationship between fluid management and postoperative outcome in liver surgery
and adds to the scarce literature in this area. Due to the apparent impact of intraoperative
fluid management, further research in this area is required. Large-scale, standardized,
preferably prospective, randomized controlled trials in patients undergoing liver surgery
are needed to define the ideal parameter for fluid assessment and optimal intraoperative
fluid management. Future standards should be based on the size of the procedure.
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Abstract: Midazolam and fentanyl, in combination, are the most commonly used medications for
conscious sedation in day aesthetic surgeries. Dexmedetomidine is popularly used in the sedation
protocol of our hospital due to its reduced respiratory depression. However, its sedation benefits
in facial aesthetic surgeries, like blepharoplasty, have not been well-evaluated. We retrospectively
compared individuals sedated with midazolam and fentanyl bolus injection (N = 137) and those
sedated with dexmedetomidine infusion (N = 113) to determine which is more suitable for blepharo-
plasty with a mid-cheek lift. The total amount of local anesthetic (p < 0.001), postoperative pain
(p = 0.004), ketoprofen administration (p = 0.028), and the number of hypoxia episodes (p < 0.001)
and intraoperative hypertension (p = 0.003) were significantly lower in the dexmedetomidine group.
Hypoxia severity (p < 0.001) and minor hematoma formation (p = 0.007) were also significantly lower
in the dexmedetomidine group. Sedation with dexmedetomidine infusion is associated with less
hematoma formation than sedation with midazolam and fentanyl bolus pattern due to hemodynamic
stability and analgesic effects. Dexmedetomidine infusion may be a good alternate sedative for
lower blepharoplasty.

Keywords: blepharoplasty; dexmedetomidine; conscious sedation; hematoma; aesthetic surgery

1. Introduction

Blepharoplasty is the most popular cosmetic surgery in South Korea, and its demand is
increasing yearly worldwide. Anatomically, the eyelids are composed of a very thin dermis
and little subcutaneous fat [1]. Opening the eyes and the eyelid shape are profoundly
affected by swelling during or after surgery, which could increase the patient’s discomfort,
decrease operation satisfaction, and delay recovery to daily life [2]. Blepharoplasty suc-
cess depends on the minimization of swelling during the intraoperative and immediate
postoperative periods.

Insufficient pain management increases blood pressure and the risk of postoperative
ecchymosis, hematoma, and swelling [3]. Additionally, hematomas increase the likelihood
of intraoperative and immediate postoperative swelling. Hematomas can have negative
consequences in facial surgery, leading to scarring and increasing the chances of infection,
facial edema, skin hyperpigmentation, neuropraxia, and prolonged recovery [4,5]. Specifi-
cally, hematomas can cause long-standing “knots”, contour irregularities, and puckering
under the skin. Plastic surgeons must consider sedation that minimizes swelling and
hematoma formation.

Several studies have reported that there may be a relationship between the use of
nonsteroidal anti-inflammatory drugs (NSAIDs) and the incidence of hematomas [6,7].
Considering that NSAIDs could increase the tendency to bleed, a decrease in the use of
NSAIDs may reduce the formation of postoperative hematomas. We reviewed a total of
419 patients who underwent lower blepharoplasty with a mid-cheek lift under sedation
anesthesia between 2018 and 2022, to determine which sedation method is more suitable
for lower blepharoplasty and a mid-cheek lift.
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2. Materials and Methods

2.1. Materials

The study protocol was approved by our Institutional Review Board (approval num-
ber: 2021AS0004). This study was conducted per the principles of the Declaration of
Helsinki. We retrospectively reviewed the medical records of 419 patients who underwent
lower blepharoplasty with mid-cheek lift at our institution between March 2018 and May
2022. Lower eyelid and midface rejuvenation was performed in patients who wanted to
improve infraorbital hollowness, tear trough deformity, and lower lid fat bulging. We
evaluated the operation time, intraoperative airway depression, pain visual analog scale
(VAS) score, amount of local anesthetic injected, length of stay in the post-anesthesia care
unit (PACU), and surgical details using medical charts. Of the 419 patients, those who met
the following inclusion criteria were included: (a) primary lower blepharoplasty or mid-
face lift; (b) American Society of Anesthesiologists (ASA) physical status classification ≤ II;
(c) no recent drug history of anticoagulants, opioid analgesics, or herbal medicine; and
(d) patients who wanted to undergo conscious sedation in day surgery. We obtained
informed consent from all patients.

2.2. Sedation Regimens

Anesthesiologists performed all of the sedations. The sedation protocol subgroups
were categorized as (a) bolus fashion using midazolam with or without fentanyl (N = 137;
conventional group) and (b) continuous fashion using dexmedetomidine hydrochloride
(N = 113; dexmedetomidine group). Oxygen was supplied through nasal prongs during
surgery in both groups. At a flow rate of 2–5 L/min, oxygen was administered, and
following the application of an aseptic drape, the sterilized nasal prongs were opened and
taped securely in place with the intention of preventing contact with the operative site of
the blepharoplasty.

2.3. Sedation Protocols
2.3.1. Bolus Fashion Using Midazolam and Fentanyl: The Conventional Method

Patients in the midazolam/fentanyl group received midazolam (0.05 mg/kg or 5 mg)
and fentanyl (0.5–1.5 μg/kg), injected as a bolus before the incision. Midazolam was titrated
in 1 mg/bolus increments until the patient was visibly relaxed but responsive (maximum
midazolam dose: 5 mg). Fentanyl was titrated in 25 μg/bolus injections before surgical
incision, and 25 μg/bolus increments were utilized when patients could not tolerate pain or
had a VAS score ≥ 4. The interval between the bolus doses was 5 min (maximum fentanyl
dose: 1.5 μg/kg). 100 mg of ketoprofen (maximum dose, 300 mg/day) was administered, or
more local anesthetics were infiltrated when the maximum fentanyl dose was administered
(1.5 μg/kg).

2.3.2. Continuous Fashion Using Dexmedetomidine

Patients in the dexmedetomidine group (Precedex; Pfizer, New York, NY, USA) re-
ceived a loading dose of dexmedetomidine (1 μg/kg) over 10 min followed by a contin-
uous infusion (0.2–0.7 μg/kg/h). Fentanyl and ketoprofen were not administered, and
only dexmedetomidine was used as a sedative. Local anesthetics were infiltrated at the
surgical site.

2.4. Postoperative Analgesic Regimen

A dose of 100 mg of ketoprofen was administered to patients with a VAS score > 4 for
rescue analgesia. This was repeated after 5 min, if necessary (maximum dose of ketoprofen:
300 mg/day).

Meperidine (0.25 mg/kg) was given for rescue analgesia if postoperative pain was not
controlled (VAS score ≥ 4), despite the maximum rescue dose of ketoprofen.
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2.5. Perioperative Monitoring and Definition

Cardiac function (electrocardiogram), noninvasive arterial pressure, and peripheral
oxygen saturation (SpO2) were monitored. The anesthetic depth was monitored using the
cortical activity index (CAI) via the CAI™ Monitoring System (BrainU Inc., Seongnam,
Gyeonggi-do, Republic of Korea). The anesthetic depth was maintained at a CAI level
between 60–80, which is equivalent to the bispectral index (BIS) sedation range. Notably,
2 L of O2 was administered during sedation.

2.6. Definition of Variables

The degree of pain was assessed using the VAS, consisting of a 10 cm line, with two
end-points representing 0 (no pain) and 10 (worst pain). Hypoxia during surgery was
graded as follows: (a) normal, 95–100% SpO2; (b) mild hypoxia, 91–94% SpO2; (c) moderate
hypoxia, 86–90% SpO2; and (d) severe hypoxia, ≤85% SpO2. Postoperative hematomas
were classified as major and minor hematomas. Major hematomas were emergent and
required open evacuation by removing sutures and coagulating the offending bleeders.
Minor hematomas involved smaller amounts of blood or serum that could be resorbed with
a massage or spontaneously without treatment. Hypotension was defined as systolic blood
pressure SBP < 100 mmHg and a decrease of >20% from baseline for more than 5 min.
Hypertension was defined as SBP > 160 mmHg and an increase of >20% from baseline for
more than 5 min [8]. The length of PACU stay was defined as arrival to the PACU to the
shift to the day-care center.

2.7. Surgical Procedures

All surgical procedures were performed under local anesthesia with 1% lidocaine and
1:100,000 epinephrine and conscious sedation. The pretarsal crease, nasojugal groove, and
palpebromalar groove were marked preoperatively with the patient in a seated position. An
incision was made 2 mm below the ciliary line with a lateral extension. After elevating the
skin flap by 5–6 mm, the orbicularis oculi muscle (OOM) was split transversely. The skin-
muscle flap was elevated using monopolar electrocautery. Premaxillary space dissection
was performed from the arcus marginalis to 2–3 mm below the orbital rim. The periosteum
was then resected. A subperiosteal dissection was performed 3–4 mm down to make a
periosteum cuff. The palpebral part of the OOM, tear trough ligament, and orbital part
of the OOM were sequentially released. When visualizing the levator labii superioris
muscle fibers on the floor, the entrance to the premaxillary space was visible. Premaxillary
space dissection was performed using periosteal elevators to raise the deep nasolabial and
suborbicularis oculi fat areas. Laterally, the orbicularus-retaining ligament was released
using monopolar electrocautery. When the dissection was complete, medial and central
orbital fat were transposed and placed under the periosteal cuff. The authors used a
modified method of the fat preservation technique (fixing the capsulopalpebral fascia to the
arcus marginalis) first reported by Mendelson. By fixing the capsulopalpebral fascia to the
periosteal cuff, the orbital fat transposes into the periosteal pocket, creating a secure septal
tightening effect. Then, the surgeon evaluated the bulging of the lateral fat pad. Excess
fat was removed if necessary, followed by plication of the septum to prevent herniation.
The elevated deep nasolabial fat was suspended superolaterally and fixed to the arcus
marginalis using 4-0 nylon sutures (deep nasolabial fat lifting). The OOM was subsequently
suspended and secured to the inner aspect of the lateral orbital rim using a vicryl 5-0 suture
(OOM suspension). The lower lid skin was draped over the lower eyelid, and excess skin
was marked while the patient looked upward with their mouth open. The excess skin was
then excised conservatively, and the incision was repaired using a 7-0 nylon suture.

2.8. Statistical Analysis

We used Pearson’s chi-square test or Fisher’s exact test to compare the categorical
variables and an independent t-test to compare the quantitative variables of the subgroups.
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We performed all statistical analyses using SPSS version 10 (SPSS Inc., Chicago, IL, USA).
The statistical significance was set at p < 0.05.

3. Results

A total of 250 patients were included in this study, 161 (64.4%) of whom were women.
The subjects’ mean age was 57.8 years (range, 23–84 years). On average, the patients
were of normal weight with a body mass index of 24.4 kg/m2 (range, 17.4–35.5 kg/m2).
The proportion of ASA class was 12.8% for class I and 87.2% for class II. There were no
significant differences between the demographic characteristics of the two groups (Table 1).

Table 1. Demographic characteristics of the patients.

Dexmedetomidine
Group (n = 113)

Conventional
Group (n = 137)

Total
(n = 250)

p-Value

Age (years) 57.9 ± 7.6 57.6 ± 12.2 57.8 ± 10.4 0.817

Sex
Male (%) 43 (38.1) 46 (33.6) 89 (35.6)

0.462Female (%) 70 (61.9) 91 (66.4) 161 (64.4)
ASA class I 11 (9.7) 21 (15.3) 32 (12.8) 0.188

II 102 (90.3) 116 (84.7) 218 (87.2)
BMI (kg/m2) 24.1 ± 2.5 24.6 ± 3.3 24.4 ± 3.0 0.159

Values are presented as mean ± standard deviation. Abbreviations: ASA, American Society of Anesthesiologists;
BMI, Body Mass Index.

The distribution of sedation methods was assessed according to each year (Table 2).
There was no significant difference observed between the two groups (p = 0.517). The
dexmedetomidine group was slightly more frequently utilized during the initial three
years, while the conventional group consistently remained in use, with over 60% utilization
in the latter two years.

Table 2. Characteristics of sedation methods according to the year.

Dexmedetomidine
Group (n = 113)

Conventional Group
(n = 137)

p-Value

2018 (Year) 23 (52.3) 21 (47.7) 0.517
2019 (Year) 26 (44.1) 33 (55.9)
2020 (Year) 34 (50.0) 34 (50.0)
2021 (Year) 22 (38.6) 35 (61.4)
2022 (Year) 8 (36.4) 14 (63.6)

Table 3 shows the differences in surgery-related profiles between the conventional
and dexmedetomidine groups. The total amount of local anesthetic was significantly lower
(p < 0.001), but the total length of the incision and the operation duration were longer in
the dexmedetomidine group, although this difference was not significant. The number of
incisions was two in both groups.

Table 3. Characteristics of the surgery-related profiles.

Dexmedetomidine
Group (n = 113)

Conventional
Group (n = 137)

p-Value

Total local anesthetic (cc) 5.6 ± 2.3 7.4 ± 2.3 <0.001 *

Incision
Total length (cm) 8.3 ± 0.9 8.2 ± 0.9 0.202

Number: two (%) ** 113 (100.0) 137 (100.0) 1.000
Duration of operation (min) 96.0 ± 30.3 94.0 ± 29.0 0.605

Values are presented as mean ± standard deviation. * Statistically significant. ** The number of incisions was two
in both groups.
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Hypoxia, hematoma, and intraoperative hypertension events were analyzed to com-
pare the complication-related profiles (Table 4). The number of hypoxia episodes was
significantly higher (p < 0.001) in the conventional group than in the dexmedetomidine
group, and there were only three episodes of hypoxia reported in the dexmedetomidine
group. Hypoxia severity (p < 0.001) and minor hematoma formation (p = 0.007) were also
significantly different between the conventional and dexmedetomidine groups. In the
dexmedetomidine group, the incidence of mild/moderate hypoxia was observed in only
three patients (2.7%), and there were no cases of severe hypoxia. There was one (0.7%)
patient with major hematomas in the conventional group. One major hematoma required
open evacuation and coagulation of the offending bleeders. Minor hematoma occurred in
16 patients: 2 in the dexmedetomidine group and 14 in the conventional group, indicating a
significant difference between the groups. Exploration of minor hematomas was not neces-
sary, and they spontaneously disappeared after compression dressing. Hypertension events
were significantly higher in the conventional group compared to the dexmedetomidine
group (p = 0.003).

Table 4. Characteristics of complication-related profiles.

Dexmedetomidine
Group (n = 113)

Conventional
Group (n = 137)

p-Value

Hypoxia episode (%) 3 (2.7) 28 (20.4) 0.001 *

Hypoxia severity
Normal (%) 110 (97.3) 109 (79.6) <0.001 *

Mild/Moderate (%) 3 (2.7) 26 (19.0) <0.001 *
Severe (%) 0 (0) 2 (1.4) 0.503

Hematoma (%) Major 0 (0) 1 (0.7) 1.000
Minor 2 (1.8) 14 (10.2) 0.007 *

BP change Hypertension 4 (3.5) 20 (14.6) 0.003 *
Hypotension 7 (6.2) 4 (2.9) 0.231

Values are presented as mean ± standard deviation. Hypoxia severity was graded as follows: (a) normal: 95–100%
SpO2; (b) mild hypoxia: 91–94% SpO2; (c) moderate hypoxia: 86–90% SpO2; and (d) severe hypoxia: ≤85% SpO2.
Major hematomas were defined as those requiring open evacuation and coagulation of the offending bleeders,
while minor hematomas were defined as those that resorbed with a massage or spontaneously without treatment.
Abbreviations: BP, Blood pressure. * Statistically significant.

To compare the recovery-related profiles, we analyzed the length of PACU stay, pain,
nausea, and urinary catheterization (Table 5). The length of PACU stay was significantly
longer (p < 0.001) in the dexmedetomidine group, while postoperative pain (p = 0.004)
and analgesic (ketoprofen) administration (p = 0.028) were significantly lower. However,
postoperative nausea and antiemetic administration rates were not significantly higher in
the dexmedetomidine group. Six (4.4%) patients underwent urinary catheterization in the
conventional group, while two (1.8%) patients in the dexmedetomidine group did. These
differences were not significant.

Table 5. Characteristics of the recovery-related profiles.

Dexmedetomidine
Group (n = 113)

Conventional
Group (n = 137)

p-Value

Duration of PACU stay (min) 110.5 ± 30.7 84.3 ± 41.4 <0.001 *

Pain
VAS Score 1.0 ± 0.4 1.2 ± 0.8 0.004 *

Ketoprofen use (%) 3 (2.7) 13 (9.5) 0.028 *
Nausea Complain (%) 12 (10.6) 10 (7.3) 0.356

Antiemetic drug use (%) 12 (10.6) 9 (6.6) 0.251
Urinary catheterization (%) 2 (1.8) 6 (4.4) 0.300

Values are presented as mean ± standard deviation. The pain score consists of two end-points representing 0 (no
pain) and 10 (maximal pain). Ketoprofen was used to control postoperative pain in the PACU. Abbreviations:
PACU, post-anesthesia care unit; VAS, visual analog scale. * Statistically significant.
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4. Discussion

The most commonly used combination for conscious sedation in day aesthetic surg-
eries is midazolam and fentanyl [9]. Midazolam is ideal for conscious sedation because
it provides moderate sedation and has an acceptable side-effect profile [10]. Fentanyl is
also an ideal analgesic agent for most conscious sedation regimens [10]. Midazolam has
been used successfully in both continuous and bolus fashions [11]. The bolus fashion
is preferred for blepharoplasty, which has a relatively short operation time and requires
patient cooperation (opened eyes) during surgery. However, more cases of respiratory
depression and a sudden increase in blood pressure were reported in surgeries involving
the bolus fashion compared to continuous infusion [9,12]. These side effects may exacerbate
swelling and increase comorbidities in facial aesthetic surgeries.

Dexmedetomidine is a new sedative approved by the United States Food and Drug
Administration in 1999 that was recently introduced in outpatient anesthesia in Korea.
Dexmedetomidine is a highly selective alpha-2 agonist that has several advantages as a
sedative [12]. It secures the airway and respiration even under moderate sedation and
carries a low risk of cardiopulmonary instability [13]. Additionally, it inhibits the sympa-
thetic nerve. Dexmedetomidine decreases the amount of analgesic needed during and after
surgery, presenting analgesic effects [14]. Notably, there was no difference in the degree
of sedation in a comparative study with other sedatives [12,15]; however, dexmedetomi-
dine was the preferred sedative of practitioners because it made facial procedures more
comfortable and safe [16]. An elimination half-life of 2.1–3.1 h was reported in healthy
volunteers using dexmedetomidine. Pharmacologically, the advantage of a long half-life is
that stable and safe sedation is possible. The disadvantage is that early recovery is difficult,
and recovery is often late, so it is suitable for surgery of more than 2 h.

Successful surgical treatment depends on the administration of an optimal amount of
local anesthesia. Excessive local anesthetics can cause facial swelling, which may interfere
with sophisticated facial surgery. Local anesthetics alone are less profound and suffer from
the limitation of a short duration of action compared with local anesthetics with adjuvants.
The adjuvants are coadministered with local anesthetic agents to improve the onset and/or
duration of analgesia, which include both opioids and nonopioids, including epinephrine
and an alpha-2 agonist. In the literature [17–19], dexmedetomidine blunted pain signals by
inhibiting epinephrine release and exhibiting analgesic properties. Pharmacokinetically,
continuous infusion better controls intraoperative pain management compared to a bolus
injection [20]. In our study, the total amount of local anesthetic was significantly lower
(p < 0.001) in the dexmedetomidine group despite the longer incision length and surgery
duration. Based on these results, the local anesthetic demand was decreased more in the
dexmedetomidine group due to analgesic effects.

In our hospital, NSAIDs are usually used for postoperative pain control. As they tend
to increase bleeding, increasing NSAID dosages may increase hematoma formation. Lee
et al. reported that postoperative pain and two or more doses of ketorolac postoperatively
were significantly associated with the risk of postoperative hematoma formation [6]. The
perioperative risk factors of hematoma formation in multivariate analysis and the use of
ketorolac postoperatively showed more than twice the tendency of hematoma formation
than postoperative pain. Moreover, Cawthorn et al. reported that patients who received
ketorolac were at an increased risk of requiring surgical re-exploration for hematoma
evacuation (relative risk [RR] = 3.6; 95% confidence interval [CI], 1.4–9.6) [7]. In our
study, the ketoprofen dose was significantly lower in the dexmedetomidine group than
in the conventional group (p = 0.028). The VAS Score, which represents the patient’s pain
expression in the PACU, was significantly lower in the dexmedetomidine group compared
to the conventional group (p = 0.004; Table 5). This might be caused by the longer-lasting
analgesic effect of dexmedetomidine compared to the conventional sedation method.

Facial hematomas are a possible complication of aesthetic facial surgery [17]. A sudden
increase in blood pressure appears to be the single most important cause of hematomas,
especially during the postoperative period. Moore et al. found that dexmedetomidine
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resulted in a significant reduction and maintenance of blood pressure from anesthesia onset
until PACU discharge [3]. Dexmedetomidine’s analgesic properties attenuate the hyperten-
sive response and improve hemodynamic stability perioperatively [21]. In the dexmedeto-
midine group, hypertension events and hematoma formation were decreased simultane-
ously. This suggests that continuous dexmedetomidine infusion is a more suitable sedation
method for perioperative pain control in patients who have undergone blepharoplasty
than a midazolam/fentanyl bolus injection. Sedation using dexmedetomidine continuous
infusion reduced the incidence of postoperative swelling and hematomas in blepharoplasty
patients, resulting in positive effects on surgical outcomes and patient satisfaction.

Dexmedetomidine is known to induce bradycardia as a highly selective alpha-2 agonist.
It has been observed that bradycardia (<60 beats/min) had been occasionally experienced
during prolonged surgeries when dexmedetomidine was administered. However, since
blepharoplasty was a short-duration surgery and the dosage of dexmedetomidine was well
controlled during the procedure, severe bradycardia (<50 beats/min) was not observed in
this study.

The mechanisms of dexmedetomidine and fentanyl on urinary retention are opposite
to each other. Fentanyl has a short duration of action on μ and δ receptors in the spinal
cord, reducing sensory input from the urinary tract, decreasing the urge to void and muscle
contraction, and increasing bladder capacity. Additionally, this drug reduces the abdominal
extract of the spinal nervous system, impairing the regulatory function of internal urethral
sphincter relaxation and bladder contraction. On the other hand, dexmedetomidine stimu-
lates α2-adrenergic receptors in the central nervous system to increase urination urge along
with muscle relaxation. Ghada et al. reported significant differences in the incidence of
urinary retention between the group treated with dexmedetomidine and the group treated
with fentanyl [22]. Therefore, the use of dexmedetomidine as a sedative drug may be more
effective in preventing postoperative urinary retention. In our study, a lower incidence
of urinary catheterization was observed in the dexmedetomidine group compared to the
conventional group (Table 5).

Anesthesia-related patient safety has become important to plastic surgeons [23], given
recent media attention on medical errors, concerns about day surgery safety, and the
increasing number of outpatient aesthetic procedures [24]. Bitar et al. found that the most
common sedation-related complications were dyspnea and respiratory depression [23]. The
ideal sedative drug in a day surgery does not necessarily induce respiratory depression, but
midazolam, fentanyl, and ketamine used in conventional sedation may cause respiratory
depression. In our study, severe intraoperative hypoxia was reported in the conventional
group, but none of the dexmedetomidine group reported severe hypoxia during sedation.
Dexmedetomidine infusion is suitable in facial surgeries such as blepharoplasty.

The occurrence of post-surgical confusion or delirium is an important factor in de-
termining same-day discharge for surgical patients. It is anticipated that the incidence
of delirium is very low due to our anesthesia approach involving a combination of light
sedation and local anesthesia, as well as the short time of the surgical procedures. In this
cohort study, there were no cases where same-day discharge was not feasible due to severe
postoperative cognitive impairment. Paul et al. reported that the incidence of postoperative
cognitive dysfunction (POCD) was high in major surgeries, with 17% for total hip joint
replacement surgery and 43% for coronary artery bypass grafting surgery at postopera-
tive day 7 [25]. However, there has been no specific research on the occurrence rate of
cognitive dysfunction, specifically after light sedation, making it difficult to determine the
exact incidence rate of POCD. Considering that POCD is influenced by factors such as the
surgery itself, the duration of surgery, and the depth of anesthesia, it is anticipated that the
occurrence rate of POCD would be very low in this study.

The important thing is that the analgesic effect of dexmedetomidine is higher than
that of the conventional sedation method, so in conclusion, the use of ketoprofen in PACU
and the total amount of local anesthetic were decreased. However, differences in pain
medication use in recovery may be related to the long half-life of dexmedetomidine itself.
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Therefore, additional research is necessary to find the exact correlation. Contrary to the
existing literature, our study had many complaints of nausea and antiemetics administra-
tion in the dexmedetomidine group, but the difference was negligible and not statistically
significant (nausea; p = 0.356, antiemetic drug use; p = 0.256; Table 5). Future studies
could explore this and the effect it has on postoperative nausea and vomiting. The other
limitations of this study include its retrospective nature, which prevents a direct correlation
between changes in perioperative parameters and analysis of direct effects on the response
of sedative drugs. Therefore, the following limitations were identified: patients were not
randomized, blinding was not implemented, no primary outcome was specified, and the
study analyzed data from a four-year period, including data from five years ago. Second,
in order to evaluate POCD, a more sophisticated and well-controlled approach is necessary,
which may be a limitation of cohort studies. Therefore, we intend to conduct prospective
research in the future. Third, we were unable to determine whether dexmedetomidine
actually increased postoperative urinary retention. Further investigation is needed to
compare the different physiology of urinary retention between the dexmedetomidine group
and the benzodiazepine/opioid group.

5. Conclusions

In this study, dexmedetomidine infusion was associated with more hemodynamic
stability and postoperative analgesia than midazolam and fentanyl bolus injection during
sedation in blepharoplasty patients. NSAIDS consumption and hypertensive events were
lower in the dexmedetomidine group. Sedation with dexmedetomidine continuous infusion
is associated with less hematoma formation and postoperative bleeding than sedation with
midazolam and fentanyl. Dexmedetomidine could secure self-respiration during sedation.
Dexmedetomidine infusion may be a good alternate sedative method for blepharoplasty.
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Abstract: Rebound pain (RP) remains a challenge in ambulatory surgery, characterized by severe pain
upon resolution of a peripheral nerve block (PNB). Intravenous (IV) administration of Dexamethasone
(DEXA) potentiates PNB analgesic effect and reduces RP incidence although preventive effective
dose remains undetermined. This retrospective analysis evaluates the preventive effect of IV DEXA
on RP in outpatients undergoing upper limb surgery under axillary block. DEXA was divided into
high (HD > 0.1 mg/kg) or low (LD < 0.1 mg/kg) doses. RP was defined as severe pain (NRS ≥ 7/10)
within 24 h of PNB resolution. DEXA HD and LD patients were matched with control patients
without DEXA (n = 55) from a previous randomized controlled study. Records of 118 DEXA patients
were analyzed (DEXA dose ranged from 0.05 to 0.12 mg/kg). Intraoperative IV DEXA was associated
with a significant reduction of the pain felt when PNB wore off as well as to a significant reduction
of RP incidence (n = 27/118, 23% vs. 47% in controls, p = 0.002) with no effect related to the
dose administered (p = 0.053). Our results support the administration of intraoperative DEXA as a
preventive measure to reduce the occurrence of RP.

Keywords: loco-regional anesthesia; rebound pain; dexamethasone; ambulatory surgery

1. Introduction

Regional anesthesia offers several advantages in ambulatory setting, including high-
quality perioperative analgesia and faster discharge from the hospital.

Peripheral nerve blocks (PNBs) using different techniques [1] are extensively used in
orthopedic limb surgeries as they ease the surgical procedure and they improve patient
satisfaction [2], particularly in terms of long-lasting postoperative analgesia without sys-
temic drug side effects [1]. However, following PNB resolution, a rapid increase in pain
intensity commonly referred to as “rebound pain” (RP) may occur. The phenomenon is
observed within the first 24 to 48 h of the PNB dissipation. Occurring outside of health
care setting, it is actually considered as a clinically relevant problem [3,4]. Further, RP is
the most frequent factor of dissatisfaction reported by the patients following PNB. The RP
phenomenon is frequent as it may affect nearly 40% to 50% of orthopedic patients operated
under PNB [2,5,6].

For the aforementioned reasons, the prevention of RP occurrence has become a priority,
particularly in ambulatory surgery setting. Several risk factors have been found to be associ-
ated with the phenomenon such as younger age, female gender, high catastrophizing mind
set, bone surgery and the absence of perioperative administration of dexamethasone [5,6].
Dexamethasone (DEXA), a synthetic corticosteroid, is widely used in anesthesia practice
for its well-known perioperative analgesic and antiemetic properties [7]. Moreover, DEXA
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also serves as an adjuvant to PNB to increase the block duration and the analgesic related
effect [8]. PNB prolongation has been observed after the administration of DEXA by either
the perineural or intravenous (IV) route [9]. The literature suggests that 4 mg of DEXA may
be the optimal perineural dose to potentiate PNB, whereas the optimal intravenous dose
is likely higher but still remains undetermined [10]. However, the intravenous adminis-
tration should be preferred because perineural use may cause delayed neurotoxicity and
the perineural route is still off-label [9]. Several studies have reported a reduction of RP
incidence after PNB dissipation when perioperative DEXA was administered by either the
perineural [11,12] or intravenous route [5,13]. To date, the dose-related preventive effect of
intravenous DEXA on RP has not been evaluated.

The main objective of this retrospective study was to assess the occurrence of RP when
perioperative IV DEXA was administered at analgesic (dose higher than 0.1 mg/kg [14]
and/or antiemetic doses [7,15] (i.e., doses ranging between 4 and 10 mg) in ambulatory
patients undergoing upper limb orthopedic surgery under axillary plexus block. The
secondary objective was to evaluate a potential dose-related preventive effect of IV DEXA
on the development of RP.

2. Materials and Methods

This single-center retrospective cohort study was conducted at the Cliniques Uni-
versitaires Saint-Luc (Brussels, Belgium). It is a retrospective analysis of data collected
prospectively in the context of Quality Reporting in the Out-Patients Unit. The data were
collected over a period of 1 year, between January 2021 and February 2022, from patients’
files and perioperative questionnaire-based sources.

2.1. Recruitment

Ambulatory adult patients (18 to 80 years old) who underwent elective upper limb
surgery (elbow and below) under axillary plexus block between January 2021 and February
2022 were included (Figure 1). Only patients who had complete perioperative data records
were considered. Eligible patients had received an intravenous DEXA dose left to the
discretion of the anesthesiologist in charge. Intraoperative IV DEXA was administered
either as an antiemetic or as an analgesic adjuvant to the PNB, i.e., IV doses ranging from 4
to 10 mg. All the patients underwent axillary PNB under real-time ultrasound guidance
by a trained anesthesiologist. The control group was composed of patients included in
a previous prospective study on rebound pain, who had not received DEXA [6]. All the
patients, in the control group and those included between January 2021 and February 2022,
received the same type of PNB, i.e., an axillary plexus block. Each axillary plexus was
performed using a 50:50 mixture of ropivacaine (0.5%) and mepivacaine (1%). The reuse of
prospective data did not require the consent of the patients concerned for the retrospective
analysis by the ethics committee. The authors are not sure that it should be included in the
manuscript, but it should only figure in the answers to the reviewers’ concerns.

All the patients benefited from the same perioperative analgesic protocol using multi-
modal analgesia. Patients who had contra-indication to the analgesics used in the perioper-
ative multimodal analgesic protocol (i.e., paracetamol or non-steroidal analgesic use) were
not included in the analysis. Patients who received IV DEXA were matched with patients
of the control group regarding age, sex and type of surgery (bone or soft tissues surgery)
(Table 1).
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Figure 1. Flow Diagram. Abbreviations: PNB—Peripheral Nerve. Block; Dexa IV—Intravenous
Dexamethasone; LD—Low dose; HD—High dose.

Table 1. Comparison between control group and DEXA 1 group.

Control Group (n = 55)
DEXA Group

(n = 118)
p Value

Age (years) 52 ± 18 45 ± 16 0.428
Sex ratio (female/male) (n) 29/26 78/40 0.298

BMI 2 (kg/m2) 25 (21–29) 26 (22–29) 0.266
Bone surgery (n) 21 (39%) 64 (40%) 0.854

Tourniquet duration (min) 22 (14–38) 21 (12–33) 0.742

Preoperative
Catastrophizing (0–52) 12 (3–23) 11 (3–22) 0.774

Central sensitization (0–36) 9.0 (6–12) 8.5 (4–15) 0.449

Preoperative pain
Average pain (NRS 0–10) 2.0 (0–4) 2.0 (0–5) 0.403
Maximal pain (NRS 0–10) 4.5 (1–8) 5.0 (0–7) 0.510

Night pain (NRS 0–10) 0 (0–3) 0 (0–4.5) 0.764
DN4 3 value (0–10) 3.0 (1–4) 2.0 (1–4) 0.622

PNB 4 duration
Total duration (min) 630 (506–795) 640 (410–905) 0.892

Pain when PNB wears off (NRS 5 0–10) 4.5 (2–8) 3.3 (1–6) * 0.030

Incidence of rebound pain
(NRS >7/10) (n) 26 (47%) 27 (23%) * 0.002

1 Dexamethasone; 2 Body Mass Index; 3 Douleur Neuropathique en 4 questions; 4 Peripheral Nerve Block;
5 Numerical Rating Scale; * p Value ≤ 0.05.
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2.2. Data Collection

To improve the management of postoperative pain by better focusing on patients at
risk of developing severe acute postoperative pain when back home, a set of preopera-
tive questionnaires is commonly proposed to the patients to all the ambulatory patients
including those undergoing regional anesthesia for ambulatory orthopedic surgery. All the
questionnaires are completed on a voluntary basis.

All the patients included in the study had complete perioperative records. Preoperative
data collected on day 0 included preoperative pain at rest, pain on movement and pain
overnight at the surgical site, using a numerical rating scale (NRS) from 0 to 10 (where
0 = no pain and 10 = worst pain). Preoperative medications, including pain relievers, were
also noted. Patients also completed a pre-operative questionnaire that had been developed
in 2019 as part of a previous prospective study [6]. The anesthesia team continued to use
this questionnaire in their practice to help prevent severe acute postoperative pain at home,
mainly related to a rebound pain phenomenon.

Patients were therefore asked to answer a series of preoperative questions such as
the French version of the Pain Catastrophizing Scale (PCS) questionnaire, which assess
negative thoughts related to pain (i.e., rumination, amplification and helplessness) on a
scale from 0 to 52 [14]. Patients were classified as high catastrophizers if they scored higher
than the 75th percentile.

The French version of the Central Sensitization Inventory (CSI) was used to measure
the main somatic and emotional complaints associated with central sensitization. A vali-
dated short-form was used as CSI-9 (i.e., 9 questions derived from the original 40 questions,
with a cut-off value of 20 on a 0–36 scale) to distinguish patients presenting with a preoper-
ative positive central sensitization [16]. Finally, the presence of a neuropathic component in
the preoperative pain at the surgical site was assessed using the “Douleur Neuropathique
4” (DN4) questionnaire (cutoff value of 4 on a 10-point score) [17].

Before the surgical incision, the effectiveness of the sensory blockade of the axillary
plexus was evaluated by a cold test (ether test) in the different territories. Only patients
who presented with fully effective axillary PNB were considered for inclusion in the
study (Figure 1). For various reasons (surgeon’s request, patient comfort, PNB failure . . . ),
8 patients who received general anesthesia during the procedure in addition to the axillary
plexus were excluded. All the patients were operated upon by two orthopedic surgeons
(O.B. and X.L). A standardized optimal perioperative multimodal analgesic treatment was
applied to all the patients, including intraoperative administration of paracetamol (1 g)
and intraoperative ketorolac (0.5 mg/kg). In the recovery room, when the postoperative
pain score (NRS) was >3/10, intraveinous tramadol (2 mg/kg) was administered. Patients
were discharged with written recommendations for the use of standard postoperative oral
analgesics, i.e., ibuprofen 400 mg/6 h, paracetamol 3 g/24 h and, if necessary, tramadol
as a rescue analgesic (1–2 mg/kg; Maximum 400 mg/day). The patients were also asked
to note in a pain diary the time when the axillary block wears off, as well as the intensity
of the pain felt (NRS, 0–10) at that time and the analgesics intake. All the patients were
contacted by phone call on day 1 at 24 h after surgery (regular telephone call for quality
audit purpose) by a hospital nurse. Postoperative pain intensity was questioned, including
average and maximal pain on a NRS scale from 0 to 10.

The definition of RP was the same we used in our previous study [6], i.e., the same
used in the control group. RP was defined as severe pain with a NRS score ≥ 7/10 within
the first 24 h after the termination of the axillary plexus block.

2.3. Statistical Analysis
2.3.1. Power Analysis

The sample size was calculated based on the incidence of rebound pain. The presence
of RP was defined as pain intensity score > 7 (NRS, 0 to 10) reported by the patient after
axillary plexus block resolution [6]. Based on values of RP incidence after peripheral nerve
block resolution approaching 45% to 50% [5,6] and assuming that the incidence of RP with
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intravenous DEXA administration would be reduced by half and thereby would approach
25% [18], a minimum of 46 patients was needed in each group to have an alpha value of
0.05 and a power of 0.8.

2.3.2. Data Analysis

For analysis of retrospective data, the intravenous DEXA dose was separated into
high (HD; >0.1 mg/kg) or low (LD; <0.1 mg/kg) doses. DEXA HD and LD patients were
compared to control patients (n = 55) included in a previous randomized controlled trial [6]
regarding demographics (age, gender parity and BMI) to ensure adequate matching.

Statistical analysis was performed with SigmaStat 3.5 (Systat Software GmbH, Erkrath,
Germany). Results were expressed as proportions, mean ± standard deviation or median
value (interquartile range) as specified. According to a Kolmogorov–Smirnov normality
test, parametric data between the groups were compared by an unpaired Student t-test and
nonparametric data by Mann–Whitney and Kruskal–Wallis Rank Sum tests. Categorical
data were compared using the chi-squared test and Fisher exact test using a two-tailed
probability. A p-value less than 0.05 was considered to be significant. A backward stepwise
regression model (p < 0.05 significant) was also be used to test the predictive value of
intravenous DEXA prevention on the development of RP.

3. Results

Between January 2021 and January 2022, 210 patients underwent elective upper limb
surgery under axillary plexus block, and intraoperative IV DEXA administration was
noticed in 133 of these patients. A total of 118 patients were included in the retrospective
analysis (Figure 1, Flow diagram).

As reported in Table 1, these patients were comparable regarding age, sex and type of
surgery to the control group where patients did not received intraoperative DEXA (patients
included in a previous prospective randomized study on RP, n = 55) [6]. Intraoperative
administration of IV DEXA was associated with a significant reduction of the pain felt
when PNB wore off as well as to a significant reduction of RP incidence (23% versus 47%,
p = 0.002) (Table 1). The total duration of PNB however was not influenced by IV DEXA
administration at the doses used. The DEXA doses ranged from 0.05 to 0.12 mg/kg.

Thereafter, for statistical analysis, patients who received IV DEXA were divided into a
high-dose DEXA group (DEXA HD, dose > 0.1 mg/kg, n = 64) and a low-dose DEXA group
(DEXA LD, dose < 0.1 mg/kg, n = 54) as described in Table 2. By comparison with the
control group (i.e., no DEXA administration), intraoperative DEXA reduced the occurrence
of RP. We observed a dose-related trend which, however, was not significant. Similarly, a
DEXA dose-related trend to less pain felt when PNB wore off was noticed by the patients,
but it was not either statistically significant.

At the DEXA doses used, no significant impact on the duration of the axillary block
was observed. Postoperative pain scores assessed at 24 h after surgery were not affected by
the dose of intraoperative DEXA.

The characteristics of patients who had received IV DEXA and presented with and
without RP phenomenon are presented in Table 3. The main differences were higher BMI,
higher average preoperative pain score at the surgical site, higher catastrophizing score and
higher incidence of patients defined as “high catastrophizers” (score > 23/52, i.e., >75th
percentile). Bone surgery also was more frequent in RP patients. The dose of IV DEXA did
not differ between patients with and without rebound pain.
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Table 2. Effect of intraoperative DEXA 1 administration (LD 2 & HD 3) on PNB 4 outcomes.

Control Group (n = 55) DEXA LD (n = 54)
DEXA HD

(n = 64)
p Value

DEXA dose (mg/kg) ---- 0.06 (0.05–0.07) 0.10 (0.10–0.12) <0.001

PNB duration
H1–H2 5 (min) 400 (309–541) 292 (195–540) 332 (223–577) 0.092
H2–H3 6 (min) 180 (120–307) 240 (165–300) 205 (79–405) 0.331

Total duration (min) 630 (506–795) 583 (445–825) 661 (402–960) 0.650

Preoperative pain at day 1
Average pain (NRS 7 0–10) 25 (1–55) 2.0 (1–4) 2.0 (0–5) 0.408
Maximal pain (NRS 0–10) 4.0 (2–7) 6.0 (2–8) 5.0 (1–8) 0.564
Pain when PNB wears off

(NRS 0–10) 4.5 (2–8) 4.0 (1–7) 3.0 (1–6) 0.053

Incidence of rebound pain
(NRS > 7/10) (n) 26 (47%) 14 (26%) * 13 (20%) * 0.029

* p < 0.05 with control group: 1 Dexamethasone; 2 Low Dose; 3 High Dose; 4 Peripheral Nerve Block; 5 Time interval
between the time of the end of the block (H1, day and time) and the beginning of the onset of the paresthesia
reported by the subject (H2, day and time after the block); 6 Time interval between the time of beginning of the
occurrence of paresthesia reported by the subject (H2, day and time after block) and finally the onset of pain at
surgery site (H3, day and time after block); 7 Numerical rating scale.

Table 3. Characteristics of patients with and without rebound pain among patients who received
intraoperative DEXA 1 (n = 118).

Rebound Pain
(n = 27)

No Rebound Pain
(n = 91)

p Value

Age (years) 45 ± 16 51 ± 18 0.073
Sex female (n) 20 (74%) 48 (53%) 0.075
BMI 2 (kg/m2) 28 ± 6 * 25 ± 5.5 0.026

Bone surgery (n) 17 (65%) * 31 (34%) 0.013
Tourniquet duration (min) 34 ± 26 24 ± 17 0.121

Preoperative
Catastrophizing (0–52) 20 (4–37) * 9 (2–21) 0.017

High catastrophizers (n) 11 (42%) * 14 (16%) 0.007
Central sensitization (0–36) 8.5 (2–17) 8.5 (4–15) 0.787

Central sensitization positive (n) 4 (16%) 12 (14%) 0.757

Preoperative pain
Average pain (NRS 3 0–10) 4.5 (2–6) * 2.0 (0–4) 0.009
Maximal pain (NRS 0–10) 7.3 (1–9) 4.5 (0–7) 0.065

Night pain (NRS 0–10) 1 (0–6) 0 (0–3.8) 0.222
DN4 4 value (0–10) 3.0 (2–4.5) 2.0 (1–4) 0.135

PNB 5 duration
Total duration (min) 630 (506–795) 640 (410–905) 0.892

Pain when PNB wears off (NRS 3 0–10) 8.0 (7–8.9) * 2.0 (1–4) <0.001

DEXA dose (mg/kg) 0.08 (0.06–0.10) 0.09 (0.06–0.10) 0.650

* p < 0.05 with control group 1 Dexamethasone; 2 Body Mass Index; 3 Numerical rating score; 4 Douleur Neu-
ropathique en 4 questions; 5 Peripheral Nerve Block.

When considering the full population of patients (n = 173, including the control
group), a positive correlation was noted between the intensity of RP and the intensity of
preoperative pain (0.445, p = 0.000) as well as for the level of preoperative catastrophizing
score (0.283, p = 0.000). Important factors associated with the presence of RP (p value < 0.05)
were entered in a Backward Stepwise Regression model including the intraoperative
administration of DEXA independently of the dose used. In the final model, bone surgery
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(p < 0.001), high catastrophizing (p < 0.001) and the absence of intraoperative DEXA
(p = 0.027) were predictive of RP occurrence when the axillary PNB wore off.

4. Discussion

The present results support the intraoperative use of intravenous DEXA (dose
0.05–0.12 mg/kg) for the prevention of rebound pain after upper limb surgery under
axillary plexus block. Regardless the dose of IV DEXA administered, our study showed a
significant decrease in RP occurrence (23% vs. 47%; p = 0.002). This finding is in agreement
with previous reports [5,13]. However, at the doses we used, a dose-dependent effect of
DEXA on the occurrence of RP could not be found.

Several studies have assessed the use of perineural DEXA to increase the duration of
sensory nerve block, mostly the interscalene plexus block, and to improve postoperative
analgesia after upper limb procedures. These studies have shown a dose-dependent
effect with a ceiling effect for doses higher than 4 mg [19,20]. Because the rebound pain
phenomenon has increased as a subject of interest, some studies have recently evaluated
the preventive effect of perineural DEXA. After shoulder surgery, perineural DEXA 5 mg
reduced RP occurrence from 83% to 37% [11], and perineural DEXA 8 mg decreased
RP from 48.8% to 11% [12]. Despite the effectiveness of perineural DEXA, that route of
administration is still considered off-label due to potential neurotoxicity [9].

Intravenous DEXA also potentiates PNB and increases the duration of the sensory
block. Equipotent doses between perineural and IV routes have been questioned. From
published meta-analyses, perineural DEXA seems more effective to prolong PNB analgesia,
but no greater difference is observed between both routes when DEXA doses of 8 mg and
higher are used [21]. Regarding lower doses of IV DEXA, Desmet and colleagues found
a dose-dependent effect on PNB duration after shoulder surgery but only a significant
effect for doses higher than 2.5 mg DEXA (i.e., 0.03 mg/kg) [22]. Studies assessing the
preventive effect of IV DEXA on RP incidence are still scarce. First, a large retrospective
cohort study [5] which included different types of blocks in both upper and lower limbs
procedures reported a beneficial effect for an average DEXA dose of 6 mg (range: 4–20 mg).
Second, a prospective randomized study including 51 adult patients scheduled for hand
surgery found a reduction of RP within the first postoperative 36 h from 50% in the placebo
group to 9% in the 16 mg (i.e., around 0.23 mg/kg) IV DEXA group [13]. To the best of our
knowledge, the present study is the first to assess a dose-related preventive effect of low IV
DEXA doses on RP after axillary PNB in ambulatory patients.

According to the aforementioned findings, a dose-related preventive effect of IV
DEXA on RP might be questioned. However, if we compare the incidence of RP in our
DEXA-LD (<0.1 mg/kg) with that of RP in Holmberg’s study (0.23 mg/kg), the difference
is not statistically significant (14/54 [26%] vs. 2/23 [9%], p = 0.13, Fisher exact two-
tailed). Similarly, if we compare RP incidence in our DEXA-HD group (20%) with that
in Holmberg’s study (9%), there is no statistically significant difference (p = 0.33) [13]. A
ceiling effect in DEXA RP preventive effect should also be taken into account. Based on the
fact that perineural and intravenous DEXA doses > 8 mg are equipotent to prolong PNB
duration and analgesic effect [21], no significant difference in RP incidence could be found
regarding IV DEXA-HD in our patients (0.10–0.12 mg/kg: 13/64 = 20%) versus IV DEXA
16 mg (0.23 mg/kg: 2/23 = 9%) [13] versus perineural DEXA 8 mg (7/63 = 11%) [12]. These
results further question the mechanisms underlying the DEXA preventive effect on RP.

Prolonged nerve block, hence a smoother recovery of nociceptive sensations, has been
proposed as a mechanism to reduce RP [13]. At the doses used in our patients, we did not
observe an increase in the duration of PNB what is in opposition with previous studies.
In example, IV DEXA 16 mg significantly prolonged the axillary block analgesia [13], and
Desmet reported a time extension to the first analgesic request after PNB at an IV DEXA
dose as low as 0.03 mg/kg [22]. In contrast to the aforementioned studies, our study was
retrospective and powered to assess the rebound pain incidence and not the PNB duration.
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It is worth noting that the sensory block duration may not affect the RP phenomenon as
previously underlined [5].

Two studies in healthy volunteers [23,24] using a moderate dose of IV DEXA (4 mg)
did not observe a prolongation of nerve block duration but pointed out the fact that benefits
observed in patients probably rely on the anti-inflammatory effect of IV DEXA [25]. A
previous meta-analysis about intravenous DEXA has suggested that only doses higher
than 0.1 mg/kg demonstrate analgesic effects which are not dose-related [15]. Our results
show a reduction of both pains felt when PNB wears off and RP incidence at IV DEXA
doses is lower than 0.1 mg/kg, independent of the axillary block duration. The individual
sensitivity to the anti-inflammatory effect of glucocorticoids is variable as observed for the
response to other analgesics with anti-inflammatory properties. Among the risk factors
of RP, bone surgery and high catastrophizing score are well known [5,6]. Both risk factors
interact with inflammatory processes that may be involved in RP.

Bone surgery leads to the local release of pro-inflammatory cytokines, such as in-
terleukin 6 (IL-6), which activate and sensitize sensory nerves, leading to an amplified
pain signal [26]. More, these pro-inflammatory mechanisms may be exacerbated in some
patients, enhancing postoperative pain and hyperalgesia [27]. For example, a higher level
of catastrophizing is associated with greater reactivity of inflammatory mediators (e.g.,
IL-6) [28] which suggests that cognitive and emotional responses during the experience
of pain may shape the pro-inflammatory responses of the immune system to noxious
stimulation. The involvement of inflammatory mechanisms in RP may explain the predis-
position to RP in patients with a high catastrophization score. Therefore, by reducing the
inflammatory cascade, DEXA may help to reduce hyperalgesia when the PNB wears off.

There are some limitations of this study. First, its retrospective nature involving a
single center. Additionally, data regarding DEXA administration and data regarding the
control group were collected in different cohorts. Second, the follow-up of DEXA patients
was limited to the first 24 h, which could have contributed to the loss of additional data. In
the literature, late RP, i.e., at 36 and even 48 h, is reported. Finally, the doses of IV DEXA
used were left to the discretion of the anesthesiologists in charge of the patients, which may
have led to possible distribution bias due to common practices and habits.

It is worth noting that no adverse effects in relation to the administration of DEXA
were found in the patients’ files. The relatively low doses of DEXA used in our study
may actually have contributed to the absence of glycemic disorders in the patients [29].
Similarly, we did not record any cases of perineal irritation in the patients included in our
study which is probably due to a slow administration of DEXA (a common practice within
our team of anesthetists) [30].

In conclusion, our results support the administration of intraoperative IV DEXA as a
preventive measure to reduce the occurrence of RP.

To our knowledge, this study is the first dedicated to investigating the dose-dependent
effect of intraoperative DEXA (low doses used to prevent PONV and to improve postop-
erative analgesia) in the prevention of RP. We found a preventive effect on RP including
at very low doses (<0.1 mg/kg) and independent of the PNB duration. A comparison
with the existing literature may be in favor of an IV DEXA ceiling effect on RP prevention
which contrasts with the IV DEXA dose-related effect on sensory block duration. Further
prospective studies should confirm the present findings and investigate the mechanisms
underlying the IV DEXA preventive effect on rebound pain.
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