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Dirk Henrich, Peter Radermacher and Ingo Marzi

Severe Traumatic Brain Injury (TBI) Modulates the Kinetic Profile of the Inflammatory 
Response of Markers for Neuronal Damage
Reprinted from: J. Clin. Med. 2020, 9, 1667, doi:10.3390/jcm9061667 . . . . . . . . . . . . . . . . . 167

Christian D. Weber, Lucian B. Solomon, Rolf Lefering, Klemens Horst, Philipp Kobbe, 
Frank Hildebrand and TraumaRegister DGU

Which Risk Factors Predict Knee Ligament Injuries in Severely Injured Patients?—Results from 
an International Multicenter Analysis
Reprinted from: J. Clin. Med. 2020, 9, 1437, doi:10.3390/jcm9051437 . . . . . . . . . . . . . . . . . 181

vi



So Young Joo, Seung Yeol Lee, Yoon Soo Cho and Cheong Hoon Seo

Clinical Utility of Extracorporeal Shock Wave Therapy on Hypertrophic Scars of the Hand
Caused by Burn Injury: A Prospective, Randomized, Double-Blinded Study
Reprinted from: J. Clin. Med. 2020, 9, 1376, doi:10.3390/jcm9051376 . . . . . . . . . . . . . . . . . 193

Jan Tilmann Vollrath, Ingo Marzi, Anna Herminghaus, Thomas Lustenberger and 
Borna Relja

Post-Traumatic Sepsis Is Associated with Increased C5a and Decreased TAFI Levels
Reprinted from: J. Clin. Med. 2020, 9, 1230, doi:10.3390/jcm9041230 . . . . . . . . . . . . . . . . . 205

Ramona Sturm, Lara Xanthopoulos, David Heftrig, Elsie Oppermann, Teodora Vrdoljak, 
Ildiko Rita Dunay, Ingo Marzi and Borna Relja

Regulatory T Cells Modulate CD4 Proliferation after Severe Trauma via IL-10
Reprinted from: J. Clin. Med. 2020, 9, 1052, doi:10.3390/jcm9041052 . . . . . . . . . . . . . . . . . 221

Jr-Yi Wang, Chun-Ying Cheng, Alvin Chao-Yu Chen and Yi-Sheng Chan

Arthroscopy-Assisted Corrective Osteotomy, Reduction, Internal Fixation and Strut Allograft
Augmentation for Tibial Plateau Malunion or Nonunion
Reprinted from: J. Clin. Med. 2020, 9, 973, doi:10.3390/jcm9040973 . . . . . . . . . . . . . . . . . 237

Klemens Horst, Rachel Lentzen, Martin Tonglet, Ümit Mert, Philipp Lichte, 
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Severe trauma remains a leading cause of death, especially in the younger population.
Pre- and intrahospital diagnostic and therapeutic procedures according to well-established guidelines
(e.g., Advanced Trauma Life Support® (ATLS®, American College of Surgeons, The Committee on
Trauma, Chicago, IL, USA) are widely accepted to beneficially influence posttraumatic outcomes.
However, the further assessment and treatment of severely injured patients still remain challenging
due to a high variety of injury patterns and manifold patient-specific factors. The latter individual
aspects (e.g., age, gender) have been shown to modulate the posttraumatic immune response, which in
turn has a significant impact on the clinical course after severe trauma. To improve posttraumatic
outcomes, further clinical and experimental research is needed to better understand the underlying
pathomechanisms and to improve diagnostic and therapeutic strategies. This Special Issue of the
Journal of Clinical Medicine therefore focuses on recent aspects of the management of severely injured
patients. Based on data from clinical studies, pathomechanisms, new diagnostic and therapeutic
approaches, as well as outcome observations are presented.

The ABCDE scheme represents the basis of the ATLS®-recommendations of the American
College of Surgeons (ACS) Committee on Trauma. According to this algorithm, securing the airway
(A-problem) and ensuring ventilation (B-problem) are the first priorities when approaching a severely
injured patient. However, the establishment of a safe airway might be very difficult. In a monocentric,
prospective study on a physician-staffed air ambulance, Macke et al. proved that C-MAC (Storz Medical,
Tuttlingen, Germany) videolaryngoscopy in the prehospital setting was associated with significantly
better first pass success for endotracheal intubation compared to direct laryngoscopy [1]. As lethal
hemorrhage remains a leading cause of early death in severely injured patients, the maintenance or
restoration of a hemodynamically stable situation (C-problem) is another priority of the ATLS concept.
To estimate the risk of massive transfusion, Horst et al. introduced the modified Trauma-Induced
Coagulopathy Clinical Score (mTICCS) as a new scoring system to identify patients in need of massive
transfusion. Based on an analysis of a trauma registry, the authors successfully validated mTICCS
against well-established and more sophisticated algorithms and found that it presents an useful tool
to predict the need for massive transfusion early [2]. Focusing on neurological aspects (D-problem),
Popp et al. validated a CT protocol with mandatory dedicated computer tomography angiography
(CT-A) to detect cervical artery dissections in severely injured patients [3]. From the results of their
monocentric, prospective study, the authors concluded that their imaging pathway is likely to reduce
possible therapeutic delays. Peripheral neurological symptoms are mainly caused by injuries of the
spinal column. Based on a retrospective analysis, Kobbe et al. support the concept of early spinal
stabilization in severely injured patients with AOSpine B-/C-type injuries, especially of the thoracic
spine. However, in AOSpine A-type injuries, the beneficial impact of early spinal stabilization seems
to be overemphasized and the benefit should be weighed against the risk of patients’ deterioration
during early spinal stabilization [4].

J. Clin. Med. 2020, 9, 3468; doi:10.3390/jcm9113468 www.mdpi.com/journal/jcm1
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Chest trauma is one of the most common injury types after severe trauma and also has a significant
impact on the clinical course. A flail chest is a serious condition after chest trauma, however the optimal
treatment (conservative vs. operative) for this kind of injury is not clarified. In their retrospective
study, Niemann et al. did not find differences in clinical parameters (e.g., the duration of mechanical
ventilation, analgesia requirements, pneumonia incidence) between conservatively and operatively
treated patients. However, a prolongation of both the length of intensive care unit (ICU) stay and
hospital treatment duration was observed in operatively treated patients [5]. In a further study with a
retrospective design, Eckhardt et al. confirmed the relevance of chest trauma in the posttraumatic course
(longer ventilation time, prolonged ICU stay, increased mortality) Interestingly, being overweight
resulted in an independent mortality reduction in patients with severe chest trauma [6]. It was postulated
that overweight-associated factors, such as nutritive advantages or a modulated posttraumatic immune
response, might be responsible for the observed survival benefit [6].

Immunological alterations after severe trauma were also discussed by two other manuscripts of
this Special Issue. In a clinical review, Kobbe et al. summarized the current knowledge about the
neuroendocrine modulation of the immune system during trauma and sepsis and the potential arising
therapeutic options [7,8]. Schindler et al. retrospectively investigated the relevance of traumatic brain
injury (TBI) with or without concomitant injuries on systemic inflammation and other markers of
neurological damage (e.g., S100b). They found that TBI is associated with a decreased interleukin
expression. However, the diagnostic relevance of potential markers of neuronal damage seems to be
limited [7,8]. Two other studies performed blood analyses in order to investigate posttraumatic changes
in the humeral and cellular inflammatory response as well as in the complement and coagulation
system [9,10]. In this context, Sturm et al. focused on the CD4+ T lymphocyte population after
severe trauma. They observed that the number of T-regulatory cells was decreased within this
population; however, their inductiveness (e.g., by IL-10) was increased [9,10]. Vollrath et al. described a
promising predictive value of C5a and thrombin-activatable fibrinolysis inhibitor (TAFI) levels for the
development of sepsis [9,10]. Zechendorf et al. investigated ribonuclease (RNase) 1 and its antagonist
(RNase inhibitor (RNH) 1 to determine the association of post-operative acute kidney injury (AKI) and
in-hospital mortality [11]. RNase 1 belongs to the group of antimicrobial peptides that is elevated in
septic patients and indicates the prediction of two or more organ failures. Both RNase1 and RNH1
may be therapeutically relevant and may represent biomarkers for post-operative AKI and in-hospital
mortality [11]. Hesselink et al. concentrated on infections after trauma and described persistent
inflammation, immunosuppression, and catabolism syndrome (PICS) as a potential explanation of
recurrent infections. PICS was associated with prolonged hospitalization, many surgical procedures,
and frequent readmissions. Therefore, PICS forms a substantial burden on the patient and the hospital,
despite its low incidence [12].

Diverse studies of this Special Issue focused on severe trauma in the elderly population,
which clearly underlines the increasing clinical importance of this topic. Stassen et al. found a high
prevalence of sarcopenia among severely injured patients that was particularly pronounced in the older
patients. As sarcopenia was also identified as a predictor of 30-day mortality, the clinical relevance of
the identification of a low muscle mass via CT scan seems to be obvious [13]. Focusing on fragility
fractures of the pelvis (FFP), Rommens et al. retrospectively found that even isolated fractures of
the anterior pelvic ring without any involvement of the posterior ring (FFP Type I) were associated
with relevant mortality, a loss of independence, restricted mobility, and a decreased quality of life.
The authors concluded that pubic ramus fractures are indicators of the need to optimize the patient’s
general condition [14]. In fractures affecting the posterior pelvic ring, Hartensuer et al. explored in a
retrospective study the safety, effect, and feasibility of percutaneous sacroiliac (SI) screws with and
without augmentation. Cement augmentation seemed to reduce the complication risk in FFP patients
and shorten their hospital stay, without increased specific complications or correlated neurological
impairment [15]. In order to ensure the earliest possible mobilization after FFP, Pfeufer et al. were able
to reliably detect the extremity load in patients with FFP with the help of an insole device [16].
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They concluded that this technique might offer a great potential to improve the choice and time of
treatment of FFP. In a study based on the “Trauma Registry DGU”, Freigang et al. clearly showed that
severe trauma also significantly affects the long-term outcomes of elderly patients with no improvement
in their health-related quality of life (HRQoL) up to 24 months after trauma in patients ≥65 years [17].

Apart from injury pattern and specific patient groups, the treatment of severely injured patients is
associated with high personnel and structural requirements. Therefore, the targeted and reasonable
use of these resources is of upmost importance. Heinrich et al. showed in a retrospective analysis
that slightly injured patients (Abbreviated Injury Scale (AIS) ≤ 1, Maximum Abbreviated Injury Scale
(MAIS) ≤ 1 and Injury Severity Score (ISS) ≤ 3) might not need to complete a ≥24 h monitoring [18].
In the light of the economic use of resources, the importance of predicting risk factors associated
with specific injury pattern as well as an analysis of the need for extended diagnostic procedures are
presented by two further manuscripts of this Special Issue [19,20]. In a study using data from the
“Trauma Registry DGU”, Weber et al. defined the risk factors and accident mechanisms which are
indicative of the presence of knee injuries and described a significant impact of this injury pattern
on the clinical course [19,20]. Halvachizadeh et al. retrospectively investigated the significance of
intraoperative computed tomography (CT) for the operative treatment of intra-articular fractures after
severe trauma. They found that CT was associated with improved surgical results and concluded that
the decrease in reoperations may justify its use, despite the higher CT-associated radiation dose [19,20].

Further studies of this Special Issue also focus on innovative therapeutic approaches. As patients
with spinal cord injury (SCI) are likely to exhibit hemostasis disorders, Mackiewicz-Milewska et al.
assessed the effects of different rehabilitation programs on hemostasis in patients with SCI. They found
that a 4-week program was suggestive of positive results, more pronounced in the subacute and chronic
state (≥3 to 6 months) rather than in the short term after SCI [21]. In severely injured patients,
bony mal- or non-unions are a regularly observed complication. Wang et al. therefore investigated
the possibility of an arthroscopy-assisted corrective osteotomy (AACO), reduction, internal fixation,
and strut allograft augmentation for cases affecting the tibial plateau. The authors proved good
radiological and clinical results [22]. Additionally scarring is a further common problem after severe
injury. Joo et al. evaluated the effects of extracorporeal shock wave therapy (ESWT) on hypertrophic
scars of the hand caused by burn injuries. They were able to prove that ESWT was effective in
decreasing pain, suppressing hypertrophic scarring, and improving hand function [23]. In addition,
the same study group showed that a virtual-reality (VR) based rehabilitation program is likely to be as
effective as conventional rehabilitation programs for recovering function in a burned hand [24].

In conclusion, the presented articles reflect the current knowledge about the pathomechanisms
associated with the impact of severe injury and its consequences for the further clinical course on the
one hand and points out new insights in regard to diagnostic and therapeutic approaches in severely
injured patients on the other hand. Furthermore, interesting aspects regarding future directions for the
care of the severely injured patient are illustrated, and we hope you enjoy reading our selections of
topics regarding the importance of investigating all aspects associated with severe trauma.

Author Contributions: F.H., K.H. have made a substantial, direct and intellectual contribution to the work,
and approved it for publication. All authors have read and agreed to the published version of the manuscript.
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Abstract: Acute kidney injury (AKI) is one of the most common post-operative complications and is
closely associated with increased mortality after open and endovascular thoracoabdominal aortic
aneurysm (TAAA) repair. Ribonuclease (RNase) 1 belongs to the group of antimicrobial peptides
elevated in septic patients and indicates the prediction of two or more organ failures. The role of
RNase 1 and its antagonist RNase inhibitor 1 (RNH1) after TAAA repair is unknown. In this study,
we analyzed RNase 1 and RNH1 serum levels in patients undergoing open (n = 14) or endovascular
(n = 19) TAAA repair to determine their association with post-operative AKI and in-hospital mortality.
Increased RNH1 serum levels after open TAAA repair as compared with endovascular TAAA repair
immediately after surgery and 12, 48, and 72 h after surgery (all p < 0.05) were observed. Additionally,
elevated RNase 1 and RNH1 serum levels 12, 24, and 48 h after surgery were shown to be significantly
associated with AKI (all p < 0.05). RNH1 serum levels before and RNase 1 serum levels 12 h after
TAAA repair were significantly correlated with in-hospital mortality (both p < 0.05). On the basis of
these findings, RNase 1 and RNH1 may be therapeutically relevant and may represent biomarkers
for post-operative AKI and in-hospital mortality.

Keywords: thoracoabdominal aortic aneurysm; ribonuclease; ribonuclease inhibitor 1; biomarker;
complex aortic surgery; acute kidney injury

1. Introduction

Thoracoabdominal aortic surgery is associated with several post-operative complications and
increased mortality [1]. Mortality is 8.3% 30 days after open surgery and 5.8% after endovascular
surgery [2]. Multiple organ failure is one of the dreaded post-operative complications after open
and endovascular surgical treatment of thoracoabdominal aortic aneurysms (TAAA). Furthermore,
acute kidney injury (AKI) is one of the most common organ failures after TAAA repair with an
incidence between 13% and 42%. In addition to cardiovascular morbidity, AKI is associated with
increased mortality [3–5]. AKI is diagnosed according to the Kidney Disease – Improving Global
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Outcomes (KDIGO) criteria. According to KDIGO, AKI is diagnosed when serum creatinine increases
by ≥0.3 mg/dl (26.5 μmol/l) within 48 h or ≥1.5-fold, or when there is a reduction in urine volume
to <0.5 mL/kg/h over 6 h. The three stages of AKI (I–III) are based on the aforementioned criteria:
In addition to urinary excretion, diagnosis of AKI is based on patient serum creatinine levels. However,
serum creatinine is a controversial biomarker for the detection of impaired renal function due to its
delayed increases and low sensitivity [6–8]. Therefore, the establishment of new clinically available
and reliable biomarkers and therapeutic approaches for the treatment of AKI is necessary [9].

Ribonuclease (RNase) 1 is a host defense peptide of the innate immune system which is expressed
ubiquitously in various tissues and body fluids [10]. The primary function of RNase 1 is the degradation
of circulating double- and single-stranded RNAs [10]. In a previous study, we observed increased RNase
1 serum levels in septic patients as compared with healthy subjects. Furthermore, we demonstrated
that RNase 1 serum concentrations indicated a prediction of dysfunction of two or more organs in
septic patients [11]. RNase inhibitor 1 (RNH1) is also ubiquitously expressed as an inhibitor of RNase
1 in a variety of tissues that inhibits its activity by direct binding [12,13]. In a recent study, we detected
increased RNH1 serum levels in septic patients, as well as elevated extracellular RNA [14]. However,
the role of RNase 1 and RNH1 as biomarkers of AKI and in-hospital mortality in the setting of TAAA
repair has not yet been investigated.

The aim of this study was to evaluate the role of RNase 1 and RNH1 as potential biomarkers, as
well as therapeutic strategies for the prediction of post-operative AKI and in-hospital mortality in
patients undergoing complex open and endovascular TAAA repair.

2. Experimental Section

2.1. Study Approval and Design

All serum samples were collected, in 2017, between January and December after approval by the
internal ethics committee of the University Hospital Aachen (EK004/14). Written informed consent
was obtained preoperatively from all subjects. After screening and exclusion of patients who met the
exclusion criteria, including emergency procedures, age below 18 years, pregnancy, chronic kidney
disease requiring permanent dialysis treatment, and ongoing immunosuppressive therapy, 33 patients
were included in this study. Of these, 14 patients underwent open repair and 19 patients underwent
endovascular TAAA repair (Figure 1). Demographic data, medical history, and daily physiological
variables were obtained from patient records and electronic flowcharts at the bedside (IntelliSpace
Critical Care and Anesthesia, Philips Healthcare, Andover, MA, USA). On the basis of serum creatinine
levels and 24-h urine output detection during the first 72 h after surgery, AKI was defined according
to the KDIGO criteria [9]. The trial is registered under the ClinicalTrials.gov number NCT03093857.
The cohort of patients has been previously described in a recently published study [15].

Figure 1. Screening and exclusion of patients.
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2.2. Surgery

During open TAAA repair, different techniques were used to reduce intraoperative organ ischemia.
Sequential aortic clamping, extracorporal circulation using distal aortic perfusion, and selective visceral
perfusion are established methods to reduce organ damage during surgery [16,17] [18]. Renal perfusion
was achieved using 4 ◦C tempered Custodiol® (Dr. Franz Köhler Chemie, Bensheim, Germany) [19].
In the case of endovascular TAAA repair, a contrast agent was carefully applied to avoid kidney failure,
leading to a mean application of 65 ± 17 mL per endovascular procedure [20].

2.3. Serum Sampling

Serum samples were collected after patients were enrolled in the study at six different time
points (before surgery, after admission to the intensive care unit (ICU), and 12, 24, 48, and 72 h after
surgery). Serum samples were centrifuged at 3000 rpm for 10 min at room temperature after 10 min of
coagulation. Samples were stored at −80 ◦C until RNase 1 and RNH1 serum levels were measured.

2.4. Human RNase Inhibitor 1 (RNH1) Enzyme-Linked Immunosorbent Assay

RNH1 serum levels were assessed using an ELISA designed by our research group. A 96-well
plate was coated with 100 μL of diluted (2.5 μg/mL in PBS) capture antibody (#ABIN1342154, Abnova,
Taipeh, Taiwan) and incubated at 4 ◦C overnight. After washing with 0.05% Tween in PBS for 3 min
three times, the plate was blocked in blocking buffer containing 5% fat free milk and 10% HS for
two h at room temperature. A standard series was prepared in a range from 0.78 to 100 ng/mL using
a recombinant RNH1 Protein (#ABIN1318405, Abnova). After repeating the wash step, 100 μL of
standard and samples were added to each well and incubated for 2 h at room temperature. Wells were
subsequently aspirated and washed five times, followed by addition of 100 μL of diluted detection
antibody with a working concentration of 1 μg/mL to each well. Next, the wells were aspirated,
washed, and incubated, for 1 h, in 100 μL of an HRP-conjugated goat anti-rabbit antibody (#31460,
Thermo Fisher Scientific, Bedford, MA, USA). The wash step was repeated, and the TMB substrate
solution was added and incubated, for 5 to 20 min, at room temperature protected from light before the
reaction was stopped with 2 N sulfuric acid. The optical density was determined at a wavelength of
450 nm using a plate reader (Tecan Group, Männedorf, Switzerland). For statistical analysis, GraphPad
7 (GraphPad Inc., San Diego, CA, USA) was used.

2.5. Human Ribonuclease (RNase) 1 Enzyme-Linked Immunosorbent Assay

Levels of RNase 1 in human serum were determined using a commercial ELISA kit (#SEK13468,
Sino Biological Inc., Peking, China) according to the manufacturer’s instructions. For analysis,
the optical density was measured at 450 nm using a microplate reader (Tecan).

2.6. Endpoints

To investigate the role of RNase 1 and RNH1 in AKI after TAAA repair, especially to analyze
differences between open and endovascular TAAA repair, we examined preoperative renal function in
relation to RNase 1 and RNH1 serum levels. In order to analyze only preoperative kidney function,
patients with preexisting kidney disease (defined as preoperative serum creatinine >1.25 mg/dL
according to the cut-off used in the Cleveland Clinic foundation score [21]) were excluded. Furthermore,
we investigated the relationship between RNase 1 and RNH1 serum levels and in-hospital mortality
in patients undergoing open and endovascular TAAA repair, as well as the differences in these two
surgical techniques.

The association of serum levels of RNase 1 and RNH1 was also investigated with post-operative
endpoints, such as ICU stay, sepsis and inflammatory markers C-reactive protein (CRP), procalcitonin
(PCT), and interleukin-6 (IL-6). Sepsis is defined as a life-threatening organ dysfunction that is identified
by a 2-point increase in SOFA score (sequential (sepsis-related) organ failure assessment) [22].
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2.7. Statistical Analysis

Continuous data are presented as box-whisker plots. Lines inside the boxes represent the median
and the pluses represent the mean. The box is defined by Q1 and Q3. The whiskers range from Q1 to
Q1 + 1.5 ∗ (Q3 − Q1) and Q3 to Q3 − 1.5 ∗ (Q3 − Q1), with observations outside of the whiskers shown
as points classified as outliers. Categorical data are presented as absolute frequencies and percentages.
RNase 1 and RNH1 serum levels are visualized over time again as box-whisker plots. To compare
patient characteristics between open TAAA repair and endovascular TAAA repair, unpaired t-tests
were used. For each point in time, a univariable logistic regression model was applied to assess the
association between the outcome variables AKI (yes/no) and in-hospital mortality (died/survived) with
RNase 1 and RNH1 serum levels.

The diagnostic quality of RNase 1 and RNH1 serum levels with respect to AKI and in-hospital
mortality was evaluated for each point in time using the receiver operating characteristic (ROC) analysis.
Sensitivity (Se), specificity (Sp), positive and negative likelihood ratio (LR+ and LR−), area under the
curve (AUC), and the optimal cut-off value according to the Youden index were given in addition to
the ROC curves for each time point and the respective diagnostic variable.

A monotone correlation between RNase 1 and RNH1 and perioperative variables was evaluated
using Spearman correlation coefficient. Due to the various sample sizes, the reliability of the correlation
coefficient was assessed through the p-value testing for a correlation coefficient different from 0. For all
Spearman correlation coefficients statistically significant different from 0, the respective p-value has
been stated. A Spearman correlation coefficient above 0.3 is considered to be an indicator for a moderate
correlation, and above 0.5 to be a strong monotone correlation.

The level of significance was set at 5%. No adjustments were made for multiple comparisons
due to the exploratory nature of this study. Statistical analyses were performed using SAS software
version 9.4 (SAS Institute, Cary, NC, USA) and R, version 3.6.1. ROC analysis was performed using
MedCalc, version 19.2.5.

3. Results

3.1. Study Population

The median age of patients undergoing endovascular TAAA repair (74 (69–78)) was significantly
higher than those undergoing open TAAA repair (51 (37–65)) (p < 0.001). Pre-operative renal
insufficiency was observed in three patients undergoing open (21.4%) and in two patients undergoing
endovascular TAAA repair (10.5%). Ten patients undergoing open (71.4%) and seven (36.8%)
undergoing endovascular TAAA repair developed post-operative AKI as diagnosed according to the
KDIGO classification criteria. All details of patient characteristics can be found in Table 1.

Table 1. Patient characteristics.

Open TAAA Repair
(n = 14)

Endovascular TAAA Repair
(n = 19)

p-Value

Age (year) (IQR) 51 (37–65) 74 (69–78) <0.001
Male sex (%) 8 (57.1) 9 (47.4) 0.593

BMI (kg/m2) (IQR) 25.7 (20.6–30.6) 25.4 (21.5–27.1) 0.600
Diabetes mellitus (%) 2 (14.3) 4 (21.1) 0.685

Smoker (%) 4 (28.6) 8 (42.1) 0.440
Operation time (min) (IQR) 312.5 (295.5–474.5) 392.0 (280.0-460.0) 0.908

LOS ICU (days) (IQR) 5 (4–21) 3 (6–2) 0.075
LOS in-hospital (days) (IQR) 27 (19–38) 15 (9–35) 0.190

In-hospital mortality (%) 2 (14.3) 4 (21.1) 0.631
Pre-operative renal insufficiency (%) 3 (21.4) 2 (10.5) 0.4039

Post-operative acute kidney injury (%) 10 (71.4) 7 (36.8) 0.051

Data are presented as n (%) or median (IQR). Unpaired t-test (two-tailed) was used for statistical analysis. IQR,
interquartile ranges (Q1–Q3); BMI, body mass index; LOS, length of stay; ICU, intensive care unit.
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3.2. Ribonuclease (RNase) 1 Serum Levels

We first investigated serum levels of RNase 1 in patients undergoing open or endovascular
TAAA repair. RNase 1 concentrations decreased in patients undergoing open TAAA repair from
56.9 ± 44.4 ng/mL before surgery to 40.4 ± 17.5 ng/mL 24 h after surgery (Figure 2). Forty-eight hours
after surgery, RNase 1 serum levels increased so that a concentration of 71.1 ± 45.9 ng/mL was reached
72 h after surgery (Figure 2). In patients undergoing endovascular TAAA repair, RNase 1 serum levels
increased over time from 46.78 ± 26.7 ng/mL to 77.86 ± 37.2 ng/mL (Figure 2). When comparing the
two groups, no significant difference was detected (Figure 2).

Figure 2. Ribonuclease (RNase) 1 serum levels in patients undergoing open or endovascular
thoracoabdominal aortic aneurysm (TAAA) repair. Data are presented as box-whisker plots. Lines inside
the boxes represent the median and the pluses represent the mean. The box is defined by Q1 and Q3.
The whiskers range from Q1 to Q1 + 1.5 ∗ (Q3 − Q1) and Q3 to Q3 − 1.5 ∗ (Q3 − Q1), with observations
outside of the whiskers shown as points classified as outliers. Unpaired t-test (two-tailed) was used for
statistical analysis of the two groups. RNase 1, ribonuclease 1.

3.3. RNase Inhibitor 1 (RNH1) Serum Levels

As described before, RNH1 is an antagonist of RNase 1 and inhibits its enzymatic activity by
direct binding. Therefore, we next investigated serum levels of RNH1 in patients undergoing TAAA
repair. In contrast to RNase 1 serum concentrations, we detected increased RNH1 concentrations from
8.3 ± 6.9 ng/mL and 4.2 ± 4.5 ng/mL before open and endovascular TAAA repair to 18.9 ± 5.9 ng/mL and
11.5 ± 10.3 ng/mL, respectively, 12 h after surgery (Figure 3). Afterwards, RNH1 serum concentrations
decreased to 13.0 ± 7.3 ng/mL and 5.5 ± 4.3 ng/mL 72 h after open and endovascular TAAA repair,
respectively (Figure 3). Before surgery, no significant differences between the two groups were
observed. After surgery and 12, 48, and 72 h after admission to the ICU, significantly increased RNH1
serum levels were observed after open TAAA repair as compared with endovascular TAAA repair
(all p < 0.05, Figure 3).
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Figure 3. RNase inhibitor 1 (RNH1) serum levels in patients undergoing open or endovascular TAAA
repair. Data are presented as box-whisker plots. Lines inside the boxes represent the median and the
pluses represent the mean. The box is defined by Q1 and Q3. The whiskers range from Q1 to Q1 + 1.5 ∗
(Q3 − Q1) and Q3 to Q3 − 1.5 ∗ (Q3 − Q1), with observations outside of the whiskers shown as points
classified as outliers. Unpaired t-test (two-tailed) was used for statistical analysis of the two groups.
* p < 0.05; RNH1, RNase inhibitor 1.

3.4. Correlation of RNase 1 and RNH1 with Acute Kidney Injury (AKI)

Analyzing the effect from RNase 1 and RNH1 serum levels on the probability of suffering AKI with
a univariable logistic regression model for each point in time, RNase 1 showed a statistically significant
effect 12 h after surgery (p= 0.0327, OR= 1.035) and 48 h after surgery (p= 0.0144, OR= 1.045, Figure 4A).
Higher RNH1 serum levels conveyed a statistically significant higher probability of experiencing AKI
12 h after surgery (p = 0.0199, OR = 1.129), 24 h after surgery (p = 0.0435, OR = 1.106), and 48 h after
surgery (p = 0.0194, OR = 1.178, Figure 4C).

Regarding a correlation between RNase 1 and AKI, focusing on all patients suffering from
post-operative AKI according to the KDIGO classification, a test accuracy of 0.702–0.750 was observed
(Figure 4B). From 24 h to 48 h after surgery, the sensitivity reached 93.33–100%, and the specificity
was 56.25–62.50% (Figure 4B). RNH1 showed good test accuracy for post-operative AKI with an AUC
between 0.702 and 0.790 for all time points after surgery (Figure 4C). Upon admission to the ICU,
the test accuracy was 0.781, with a sensitivity of 85.71% and a specificity of 81.25%. Further details can
be found in the Supplementary Materials Tables S1 and S2.

While assessing the predictive abilities of RNase 1 and RNH1 for AKI separated in KDIGO 0
(n = 16) and 3 (n = 4), a favorable test accuracy for RNase 1 measured 48 h after TAAA surgery was
observed (AUC 0.969, sensitivity 100%, specificity 87.5%, Table 2).
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Figure 4. The correlation of (A) RNase 1 and (C) RNH1 with acute kidney injury (AKI). Data are
presented as box-whisker plots. Lines inside the boxes represent the median and the pluses represent
the mean. The box is defined by Q1 and Q3. The whiskers range from Q1 to Q1 + 1.5 ∗ (Q3 − Q1)
and Q3 to Q3 − 1.5 ∗ (Q3 − Q1), with observations outside of the whiskers shown as points classified
as outliers. ROC analysis of the diagnostic accuracy of (B) RNase 1 and (D) RNH1 serum levels for
acute kidney injury in patients undergoing endovascular or open TAAA repair. * p < 0.05; RNase,
ribonuclease; RNH1, RNase inhibitor 1.

Table 2. RNASE to predict AKI (stadium = 0) vs. AKI (stadium = 3).

Time of
Measurement

Optimal Cut-Off (Youden Index)
AUC

Cut-Off (ng/mL) Sensitivity (%) Specificity (%) LR+ LR−
0 days
n = 20 ≥57.64 75.00

[19.4, 99.4]
81.25

[54.4, 96.0] 4.00 0.31 0.828
[0.595, 0.957]

Admission on ICU
n = 20 ≥31.00 100.00

[39.8, 100.0]
50.00

[24.7, 75.3] 2.00 - 0.672
[0.429, 0862]

12 h
n = 19 ≥61.42 75.00

[19.4, 99.4]
86.67

[59.5, 98.3] 5.63 0.29 0.817
[0.575, 0.954]

24 h
n = 20 ≥32.81 100.00

[39.8, 100.0]
62.50

[35.4, 84.8] 2.67 - 0.797
[0.560, 0.941]

48 h
n = 20 ≥67.81 100.00

[39.8, 100.0]
87.50

[61.7, 98.4] 8.00 - 0.969
[0.779, 1.000]

72 h
n = 17 ≥62.28 100.00

[39.8, 100.0]
69.23

[38.6, 90.9] 3.25 - 0.904
[0.663, 0.992]

3.5. Correlation of RNase 1 and RNH1 with In-Hospital Mortality

Analyzing the effect of RNase 1 and RNH1 serum levels on in-hospital mortality with a univariable
logistic regression model for each point in time, RNase 1 showed a statistically significant effect 12 h
after surgery (p = 0.018, OR = 1.048, Figure 5A). For higher RNH1 serum levels, a statistically significant
higher probability to die was observed at 0 days (p = 0.0414, OR = 1.174, Figure 5C).
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Figure 5. The correlation of (A) RNase 1 and (C) RNH1 with in-hospital mortality. Data are presented
as box-whisker plots. Lines inside the boxes represent the median and the pluses represent the mean.
The box is defined by Q1 and Q3. The whiskers range from Q1 to Q1 + 1.5 ∗ (Q3 − Q1) and Q3 to
Q3 − 1.5 ∗ (Q3 − Q1), with observations outside of the whiskers shown as points classified as outliers.
ROC analysis of the diagnostic accuracy of (B) RNase 1 and (D) RNH1 serum levels for in-hospital
mortality in patients undergoing endovascular or open TAAA repair. * p < 0.05; RNase, ribonuclease;
RNH1, RNase inhibitor 1.

The test accuracy of RNase 1 to predict in-hospital mortality increased over time, reaching
0.938 72 h after surgery, with a sensitivity of 100% and a specificity of 91.67% (Figure 5B). A moderate
predictive accuracy for in-hospital mortality and RNH1 was also observed (Figure 5D). All details can
be found in Tables S3 and S4.

3.6. Correlation of RNase 1 and RNH1 with Perioperative Variables

A Spearman correlation statistically significant different from 0 of RNase 1 and SOFA-Score was
observed 48 and 72 h after surgery (p = 0.02 and 0.03, respectively), indicating a strong monotone
correlation. Regarding the length of stay in the ICU, a statistically significant correlation different
from 0 was observed for RNase 1 levels 48 h after surgery (p = 0.01), indicating a moderate monotone
correlation. Statistically significant correlations different from 0 for several time points of RNH1
measurement and all assessed parameters were observed. Further correlations of RNase 1 and RNH1
with variables are shown in Tables 3 and 4. Although other than the pointed correlation coefficients of
RNase 1 and RNH1 indicated moderate or strong correlations, for example, RNase 1 and PCT before
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surgery, the sample size for these markers were insufficient to make reliable conclusions about the
magnitude of the correlation.

Table 3. Spearman’s correlation coefficient for RNase 1 and perioperative variables. The number of
included patients is shown below the coefficient. If the coefficient was statistically significantly different
from 0, a p-value is stated below the number.

Before
Surgery

After
Surgery

12 h After
Surgery

24 h After
Surgery

48 h After
Surgery

72 h After
Surgery

SOFA Score
x 0.20292 0.22965 0.25394 0.57451 0.73193

(n = 6) (n = 31) (n = 29) (n = 15) (n = 8)
(p = 0.0251) (p = 0.0390)

Leucocytes −0.03862 0.14354 −0.07718 −0.02492 0.37221 0.40294
(n = 33) (n = 30) (n = 32) (n = 28) (n = 22) (n = 16)

PCT
−0.86603 0.00000 0.20843 0.24527 0.33636 0.26190

(n = 3) (n = 9) (n = 20) (n = 24) (n = 11) (n = 8)

CRP
0.22086 0.10000 0.00351 −0.01342 0.01072 0.20000
(n = 32) (n = 9) (n = 19) (n = 18) (n = 15) (n = 15)

IL-6
−0.08571 0.54545 0.00000 0.54286

(n = 1) (n = 6) (n = 12) (n = 12) (n = 6) (n = 1)

LOS ICU
0.04169 0.11124 0.05597 0.22260 0.46103 0.36988
(n = 33) (n = 31) (n = 32) (n = 32) (n = 30) (n = 26)

(p = 0.0103)

SOFA, sequential (sepsis-related) organ failure assessment; PCT, procalcitonin; CRP, C-reactive protein; IL, interleukin;
LOS, length of stay; ICU, intensive care unit.

Table 4. Spearman’s correlation coefficient for RNH1 and perioperative variables. The number of
included patients is shown below the coefficient. If the coefficient was statistically significantly different
from 0, a p-value is stated below the number.

Before
Surgery

After
Surgery

12 h After
Surgery

24 h After
Surgery

48 h After
Surgery

72 h After
Surgery

SOFA Score
x −0.72471 0.31193 0.41576 0.32676 −0.11119

(n = 6) (n = 32) (n = 29) (n = 15) (n = 7)
(p = 0.0249)

Leukocytes −0.03996 −0.15045 −0.32879 −0.36971 −0.04123 0.27857
(n = 33) (n = 31) (n = 33) (n = 28) (n = 22) (n = 15)

PCT
0.86603 0.69457 0.41986 0.52142 0.60000 0.60714
(n = 3) (n = 9) (n = 20) (n = 24) (n = 11) (n = 7)

(p = 0.0379) (p = 0.0090)

CRP
−0.05668 −0.13333 −0.43333 0.23220 0.54334 0.43736
(n = 32) (n = 9) (n = 19) (n = 18) (n = 15) (n = 14)

(p = 0.0363)

IL-6
0.54286 0.23776 0.75524 0.08571

(n = 1) (n = 6) (n = 12) (n = 12) (n = 6) (n = 1)
(p = 0.0045)

LOS ICU
0.20422 0.18342 0.20371 0.21947 0.40419 0.44018
(n = 33) (n = 32) (n = 33) (n = 31) (n = 30) (n = 26)

(p = 0.0267) (p = 0.0244)

SOFA, sequential (sepsis-related) organ failure assessment; PCT, procalcitonin; CRP, C-reactive protein; IL, interleukin;
LOS, length of stay; ICU, intensive care unit.
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4. Discussion

Thoracoabdominal aortic surgery is associated with post-operative complications and increased
mortality [1]. Multiple organ failure is one of the dreaded post-operative complications after open
and endovascular surgical treatment of thoracoabdominal aortic aneurysms (TAAA). AKI is one of
the feared post-operative complications. Due to the absence of reliable biomarkers, such as serum
creatinine, the establishment of new clinically available and reliable biomarkers and therapeutic
approaches for the treatment of AKI is essential. In this study, we measured the RNase I and RNH1
levels in open and endovascular TAAA repair to determine their association with post-operative
AKI. We showed, for the first time, that RNase 1 and its antagonist RNH1 play a role in open and
endovascular TAAA repair and are associated with post-operative AKI and in-hospital mortality.

Thoracoabdominal aortic surgery is associated with a high mortality rate; the literature describes
a mortality of 8.3% 30 days after open surgery and 5.8% after endovascular surgery [2]. In this
study population, we detected a higher mortality rate of 14.3% after open surgery and 21.1% after
endovascular surgery (Table 1), due to the fact that Greenberg and colleagues had examined a larger
patient population. They analyzed samples from more than five years and in total they included
724 patients [2]. We investigated a collective of only 33 patients (Table 1). Furthermore, the number
of patients with a type 2 TAAA was relatively high for this small study and urgent cases were also
included in this study.

As a consequence of TAAA repair, open surgery may be related to an increased rate of organ
damage, while endovascular TAAA repair leads to post-implantation syndrome and severe endothelial
damage, both of which result in release of danger-associated molecular patterns (DAMPs). Extracellular
RNA (eRNA) represents one of these DAMPs. Extracellular RNA binds to both TLR 3 and 7, inducing
increased production of pro-inflammatory cytokines, such as tumor necrosis factor alpha, by translocation
of nuclear factor kappa B [23,24]. This leads to an increased inflammatory reaction and results in organ
dysfunction, such as AKI. Zhou and Yang described the involvement of eRNA in kidney failure [25].
RNase 1 recognizes pathogenic RNA and degrades it [10]. Therefore, increased release of RNase 1 after
TAAA repair is expected. Indeed, we detected increased RNase 1 in the serum of patients after TAAA
repair up to 72 h after surgery (Figure 2). An antagonist of RNase 1, RNH1 protects the cytosolic
compartments from the toxic effects of RNases, however, this also has the consequence of inhibiting
their antimicrobial properties [26]. In previous studies by this group, we also detected increased RNH1
and RNase 1 levels in serum of septic patients as compared with healthy subjects [11,14]. In line with
these findings, we observed increased RNH1 serum levels after open and endovascular TAAA repair
(Figure 3). After open TAAA repair, increased RNH1 serum levels were detected as compared with
serum levels after endovascular TAAA repair (Figure 3). However, for RNase 1 serum levels, there was
no difference between open and endovascular TAAA repair (Figure 2).

Martin et al. reported that elevated RNase 1 serum levels in patients with sepsis indicated
dysfunction of two or more organs [11]. In line with Martin et al., we demonstrated that patients
with increased RNase 1 serum levels, 12 and 48 h after surgery, exhibited a higher probability of
suffering AKI (Figure 4). Additionally, Martin et al. demonstrated that patients with renal dysfunction
experienced significantly higher RNase 1 levels as compared with those without renal dysfunction [11].
Indeed, we also found that patients with higher RNase 1 serum levels, 48 h after surgery, suffered a
higher probability of stage 3 than stage 1 AKI (Table 2). Furthermore, we demonstrated that patients
with higher RNH1 serum levels, 12, 24, and 48 h after surgery, also exhibited a higher probability of
suffering AKI (Figure 4). Twelve hours after TAAA repair, we observed that RNase 1 serum levels
correlated with in-hospital mortality (Figure 5). This may be due to the fact that the highest mean
RNH1 serum levels were measured 12 h after surgery (15.34 ± 11.29). On the basis of these findings,
it can be assumed that RNase 1 is strongly inhibited by RNH1 at this time, which means that RNase 1
is unable to cleave eRNA. This results in an increased inflammatory response and may be associated
with organ dysfunction, which may explain the increased mortality at this time point.
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Next, we investigated the correlation of RNase 1 and RNH1 with perioperative variables. We found,
for the first time, that RNase 1 serum levels had a strong monotone correlation with 48 and 72 h time
points after surgery, and RNH1 serum levels had a moderate monotone correlation 24 h after surgery
with SOFA score (Tables 3 and 4). The length of stay in the ICU had a moderate monotone correlation
with RNase 1 serum levels 48 h after surgery and with RNH1 serum levels 48 and 72 h after surgery
(Tables 3 and 4). On the basis of these findings, RNase 1 and RNH1 serum levels may have the potential
to predict post-operative sepsis, and thus the length of a hospital stay.

5. Limitation and Conclusions

Since our investigation is limited to a small patient collective with a variation in the number of
measurements of some variables, further investigations with a larger collective must be aimed at to
underline our results. Moreover, our measurements were limited to RNase 1 and RNH1 serum levels,
the analysis of eRNA concentrations in serum would be helpful to confirm the findings of this study.

In conclusion, our data show, for the first time, that open TAAA repair results in significantly
increased RNH1 serum levels as compared with endovascular TAAA repair, after admission to the
ICU and 12, 48, and 72 h after surgery. We found that RNase 1 serum levels 12 and 48 h after surgery
and RNH1 serum levels 12, 24 and 48 h after surgery showed a statistically significantly higher
probability of suffering AKI. Furthermore, we demonstrated, for the first time, that RNH1 exhibits
good test accuracy for post-operative AKI. In addition, higher RNase 1 serum levels 12 h after surgery
and increased RNH1 serum levels on day 0 convey a significantly higher probability for in-hospital
mortality. On the basis of these findings, RNase 1 and RNH1 may be therapeutically important and
may represent biomarkers for post-operative AKI and in-hospital mortality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/10/3292/s1,
Table S1: Test accuracy of RNase 1 and AKI according to the KDIGO classification for all patients suffering from
AKI, Table S2: Test accuracy of RNH 1 and AKI according to the KDIGO classification for all patients suffering
from AKI, Table S3: Test accuracy of RNase 1 and in-hospital mortality, Table S4: Test accuracy of RNH 1 and
in-hospital mortality.
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Abstract: The morbidity and mortality of severely injured patients are commonly affected by multiple
factors. Especially, severe chest trauma has been shown to be a significant factor in considering
outcome. Contemporaneously, weight-associated endocrinological, haematological, and metabolic
deviations from the norm seem to have an impact on the posttraumatic course. Therefore, the aim of
this study was to determine the influence of body weight on severely injured patients by emphasizing
chest trauma. A total of 338 severely injured patients were included. Multivariate regression analyses
were performed on patients with severe chest trauma (AIS ≥ 3) and patients with minor chest trauma
(AIS < 3). The influence of body weight on in-hospital mortality was evaluated. Of all the patients,
70.4% were male, the median age was 52 years (IQR 36–68), the overall Injury Severity Score (ISS)
was 24 points (IQR 17–29), and a median BMI of 25.1 points (IQR 23–28) was determined. In general,
chest trauma was associated with prolonged ventilation, prolonged ICU treatment, and increased
mortality. For overweight patients with severe chest trauma, an independent survival benefit was
found (OR 0.158; p = 0.037). Overweight seems to have an impact on the mortality of severely
injured patients with combined chest trauma. Potentially, a nutritive advantage or still-unknown
immunological aspects in these patients affecting the intensive treatment course could be argued.

Keywords: chest trauma; weight disorders; overweight; obesity; outcome

1. Introduction

Trauma is known to be a leading public health concern, with approximately 16,000 deaths
worldwide due to various injuries each day [1]. In Western civilizations, severe trauma is the main
cause of death among 15- to 44-year-olds [2]. Consequently, trauma contributes to the highest incidence
of years of potential life lost, generating a large economic impact [1].

Severe chest trauma has been identified as one of the most frequent injury patterns, in addition to
being a crucial prognostic factor and a leading cause of death after trauma [1]. Recent studies revealed
extended periods of mechanical ventilation and length of ICU stay for severely injured patients with
thoracic injuries [3]. Furthermore, severe chest trauma has been shown to be associated with the
development of diverse complications (e.g., multiple organ dysfunction syndrome (MODS) and an
increase of mortality by approximately 25% considering all trauma-related deaths) [3,4].

Meanwhile, obesity and overweight are constantly rising in modern society, leading to a growing
public concern worldwide. Two-thirds of the adult population in the United States are known to
be overweight or obese. In Europe, the incidence of obesity is increasing simultaneously, currently
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with 20% of European citizens considered to be obese [5]. Excess weight disorders represent risk
factors for many diseases, such as hypertension, arthritis, heart disease, diabetes mellitus, and cancer.
Even though the association between these chronic conditions and obesity has been investigated,
varying results have been reported concerning the consequences of weight disorders on complications
and outcome following trauma [6,7]. While some studies reveal increased mortality in underweight
and obese patients, contemporary analyses indicate no impact of body weight [8,9]. Although these
studies analysed the influence of weight disorders on outcome in trauma patients in general, little
is known about the effects of body weight, particularly focusing on chest trauma as one of the most
common injury patterns after trauma.

Therefore, the present study intended to evaluate the impact of different weight entities on the
posttraumatic course of traumatized patients with a focus on chest trauma.

2. Experimental Section

The present study follows the guidelines of the revised World Medical Association Declaration of
Helsinki in 1975 and its latest amendment in 2013 (64th general meeting). Ethical approval was obtained
from the Ethics Committee of the Medical Faculty of the RWTH Aachen University (EK 346/15).

2.1. Study Design and Inclusion Criteria

A retrospective analysis of traumatized patients admitted to the RWTH Aachen University
Hospital (level I trauma centre) between 2010 and 2015 was performed. Hospital charts were studied
to acquire standardised documentation of the clinical course from first contact with the responsible
physicians until discharge or death in the hospital. The collected data included information on
demographics, pattern of injury, comorbidities, preclinical and clinical management, procedures,
laboratory findings, and outcome. To ensure the highest possible data quality, all parameters were
immediately reviewed for plausibility. The inclusion criteria for the present study were an Injury
Severity Score (ISS) ≥ 9 and patient age ≥ 18 years. Minor injury patients (ISS < 9) aged < 18 and
patients who deceased on-scene were excluded.

2.2. Injury Distribution and Injury Severity

To evaluate the thoracic injury distribution, the 2005 revised and 2008 updated versions of the
Abbreviated Injury Scale (AIS) were used [10]. The AIS is an anatomy-based severity scoring system
that classifies injuries by body region. Each injury is assigned an AIS score on a six-point scale according
to importance, from 1 (minor) to 6 (unsurvivable) [11]. In the present study, relevant severe chest
trauma was defined by an AIS score ≥ 3, while minor chest trauma was defined by an AIS score < 3.
Consequently, patients without chest trauma (AIS = 0) were included in this group.

The AIS score is the basis for the calculation of the Injury Severity Score (ISS), determining the
overall injury distribution. To calculate the ISS, identification of the three most seriously injured body
regions is necessary. The highest AIS score for each of these regions is squared and summed up to a
total score [10].

Furthermore, multiple prognostic scores were compared with the observed outcome to allow the
examination of different injury patterns and severity between the respective subgroups. The investigated
scores contained the anatomic injury-based New Injury Severity Score (NISS) [12].

2.3. In-Hospital Complications and Mortality

The severity of multiple organ dysfunction was measured using the Multiple Organ Dysfunction
Score (Marshall MODS) [13]. This score mirrors organ dysfunction by using simple physiologic
measures of dysfunction in six organ systems. It correlates with the highest risk of ICU and hospital
mortality [13]. Additionally, the total number of deaths during the entire clinical stay was determined
to note the in-hospital mortality.
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2.4. Body Mass Index (BMI)

Weight disorders were assessed using the body mass index (BMI), an index of weight for height,
which is defined as weight in kilograms divided by the square of height in metres (kg/m2) [14].
The population was subsequently classified into four groups based on the BMI using the classification
of the World Health Organization as follows: BMI < 20 kg/m2 (underweight), BMI 20–25 kg/m2 (normal
weight), BMI 25–30 kg/m2 (overweight), and BMI > 30 kg/m2 (obesity). Body weight and height were
measured at hospital admission.

2.5. Statistical Analysis

Data were analysed using the Statistical Package for the Social Sciences (SPSS 25, IBM Inc., Somers,
NY, USA). Continuous values are presented as median with 25 and 75 interquartile ranges (25/75-IQR),
while developments are presented with counts and percentages. Differences between the groups were
evaluated with nonparametric Mann–Whitney U tests for continuous data, while Pearson’s chi-square
test was used for categorical values. To verify the impact of chest trauma and weight disorders on
outcome, multivariate logistic regression analyses were performed. Odds ratios (ORs) with 95%
confidence interval (95%-CI) were noted. A two-sided p-value < 0.05 was considered to be significant.

3. Results

A total of 338 patients admitted to the RWTH University Hospital between 2010 and 2015 fulfilled
the inclusion criteria. Table 1 provides a demographic overview according to the presence of severe
chest trauma, including data on age, gender, BMI, injury distribution, and mortality. In general,
the median age was 52 years (IQR 36–68), and 238 patients were male (70.4%). In total, 92.3% suffered
from blunt and 7.7% from penetrating injuries, and the most common cause was traffic accident (66.4%).

Table 1. Demographic overview according to the presence of severe chest trauma.

Overall Group I Group II p-Value

Number of patients (n) 338 137 201 -
Age (median 25/75-IQR) 52 (36–68) 49.0 (38–62) 52 (34–72) 0.175
Male (%) 70 75 67 0.113
ISS (median 25/75-IQR) 24 (17–29) 27.0 (18–34) 24 (17–25) <0.001
AIS head (median 25/75-IQR) 3.5 (0–4) 1.0 (0–3) 4.0 (3.0–5.0) <0.001
BMI (median 25/75-IQR) 25.1 (23–28) 25.7 (24–28) 24.8 (23–28) 0.042
Underweight (n) 30 13 17
Normal weight (n) 146 54 92
Overweight (n) 119 53 66
Obesity (n) 43 20 23
MODS (%) 26.3 30.3 20.1 <0.001
Mortality (%) 24.3 32.3 12.4 <0.001
Duration of ventilation (h) (median 25/75-IQR) 48 (2–258) 70 (10–222) 25 (0–287) 0.022
Duration of ICU treatment (days) (median 25/75-IQR) 11 (1–23) 17 (9–29) 6 (2–17) <0.001
Length of stay (days) (median 25/75-IQR) 16 (7–27) 17 (10–29) 14 (5–25) 0.008

IQR: Interquartile range; BMI: Body mass index; MODS: Multiple Organ Dysfunction Score (Marshall MODS).

3.1. Chest Trauma

A total of 137 patients with severe chest trauma (group I) and 201 patients with minor chest
trauma (group II) were analysed.

3.2. Impact of BMI and Chest Trauma

Multivariate logistic regression analysis revealed a survival benefit for patients with severe chest
trauma in association with overweight compared with patients with only minor chest trauma and
obesity or normal weight (Table 2: OR 0.158; p = 0.037). Furthermore, the severity of traumatic brain
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injury was shown to have an impact on mortality (OR 1.822, p = 0.001). Age, gender, and the overall
injury severity had no influence on mortality, according to this statistical model.

Table 2. Multivariate regression analysis of patients with Abbreviated Injury Scale (AIS) chest ≥ 3
referring to mortality.

Regression Coefficient Odds Ratio (OR)
95% Confidence

Interval (95%-CI)
p-Value

Age (years) 0.027 1.028 0.988–1.069 0.172
Gender (male) −0.218 0.804 0.232–6.671 0.799

Overweight −1.847 0.158 0.028–0.892 0.037

Obesity 0.030 1.094 0.203–5.885 0.917
ISS (per point) 0.057 1.059 0.989–1.133 0.102

AIS head 0.600 1.822 1.102–3.013 0.019

Constant −6.148 − − <0.001

Normal weight was set as a categorical reference group for regression analysis between the BMI groups.
The significant variables were in bold.

In contrast, the aforementioned survival benefit of overweight could not be noted for patients
with only minor chest trauma (Table 3). For these patients, age and injury severity were determined as
influencing factors for mortality.

Table 3. Multivariate regression analysis of patients with AIS chest < 3 referring to mortality.

Regression Coefficient Odds Ratio (OR)
95% Confidence

Interval (95%-CI)
p-Value

Age (years) 0.028 1.028 1.009–0.048 0.004

Gender (male) 0.387 1.472 0.684–3.166 0.323
Overweight −0.311 0.733 0.334–1.607 0.438

Obesity −0.282 0.755 0.234–2.434 0.637
ISS (per point) 0.068 1.071 1.023–1.120 0.003

AIS head 0.341 1.407 1.096–1.806 0.007
Constant −4.928 - - 0.007

Normal weight was set as a categorical reference group for regression analysis between the BMI groups.
The significant variables were in bold.

4. Discussion

The present study was designed to evaluate the influence of different weight entities on outcome in
severely injured patients, with emphasis on chest trauma. To the best of our knowledge, the presented
results were the first to focus on this specific injury pattern in multiple trauma patients.

Our main results can be summarized as follows:

1. Severe chest trauma was associated with prolonged treatment and in-hospital complications.
2. Subgroup analysis revealed overweight to be an independent survival factor in patients with

severe chest trauma. In contrast, this aspect was not proven for severely injured patients with
only minor chest trauma.

The treatment of trauma patients represents a clinical challenge, particularly in the case of
associated severe chest trauma. Epidemiologic data indicate a high coincidence of severe chest trauma
in severely injured patients, with consistent rates during the last several decades [15,16].

Analysing patients with only minor chest trauma, we found a positive correlation between
mortality and Glasgow Coma Scale (GCS), AIS head, ISS, and age. Overall mortality in this group
was slightly elevated compared with that in a corresponding study by Bayer et al. [17]. The reason
could be the exclusion of patients with severe head injury in their analysis. Regarding the mean
ISS for multiple trauma patients with an AIS chest < 3, no significant difference could be detected.
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Additionally, the total length of stay and the limited need for mechanical ventilation in patients without
severe chest trauma compared with minor chest trauma patients coincided.

A recently performed prospective study by Grubmüller et al. investigated the impact of severe chest
trauma on severely injured patients, showing a significantly increased rate of in-hospital complications
like organ failure and respiratory failure [18]. Consistent with that analysis, the presented study
found increased incidence of MODS (p < 0.001; r = 0.849). Similar results were also found in
several other studies examining the influence of chest trauma on multiple organ dysfunction [16,19].
Respiratory insufficiency and hemodynamic failure represent the major causes of deaths in patients
with severe chest trauma, resulting in mortality rates of up to 25% [20,21]. This underlines the results of
other studies showing that chest trauma is one of the most important concomitant injuries in severely
injured patients having an impact on mortality [16,19,22]. Accordingly, we also found a significantly
higher mortality rate for patients with an AIS chest ≥ 3 compared with patients with an AIS chest < 3.
However, not all studies found an influence of severe chest trauma on mortality [18]. Potential reasons
for these divergent results might be the exclusion of all patients with penetrating chest trauma and
a lower overall mortality rate in the study of Grubmüller et al. [18]. The aforementioned impact of
severe chest trauma on the posttraumatic clinical course is also mirrored by a prolongation of both
duration of ventilation and ICU treatment in our study. In accordance with our results, Bayer et al.
also revealed a correlation between an increased AIS chest score and a prolonged intubation period
(p = 0.005) [17]. Moreover, Lin et al. found a significant association between severe chest trauma and
prolonged ICU treatment (p < 0.003) [23]. It might be summarized that the results of the presented
study on the impact of chest trauma on mortality and the clinical course are in line with those of the
vast majority of studies in the current literature.

Overweight and obesity are steadily increasing in modern society. In accordance with international
data, only 45.6% of our study population presented with a normal weight [24]. In general, a BMI > 30
has been described as increasing the risk for the development of multiple organ failure with an
associated prolongation of the length of ICU and overall in-hospital treatment [25]. Relevant medical
comorbidities related to weight disorders have been supposed to be the most likely risk factors for
postsurgical and posttraumatic complications [26]. A prospective study by Goulenok et al. analysed
severely injured patients, focusing on two body weight groups, BMI< 25 and >25. The authors revealed
an increased mortality during ICU treatment for the second group [27]. In this respect, the present
study generated four study groups according to the established BMI definition in order to investigate
the impact of different weight entities on mortality [28]. We feel it is safe to argue that the current
WHO classification offers a more precise predictive validity compared with the aforementioned BMI
graduation by Goulenok [25]. In this context, the presented subgroup analysis revealed overweight
(BMI 25–30) to be an independent survival factor in severely injured patients with concomitant chest
trauma. This main result is supported by previous observations by Mica et al., who found a protective
effect of a BMI between 25 and 30 points on the Systemic Inflammatory Response Syndrome (SIRS)
and sepsis after severe trauma in general. Furthermore, they found the mortality rate to be decreased
in the overweight BMI group compared with that in normal-weight patients (7.2% vs. 8.8%; p < 0.001).
Significant differences in the clinical course, like duration of ICU treatment, duration of ventilation,
and overall hospital stay, were not found. In contrast to the presented study, Mica et al. did not focus
on a specific injury distribution like chest trauma [29,30]. The present study could therefore be argued
to focus on potential outcome variables after trauma being more valid, with greater emphasis on
different injury patterns and weight entities.

However, currently, only Fatica et al. investigated a potential association between chest trauma
and body mass index in severely injured patients [22]. In their retrospective study with 233 thoracic
trauma patients, obesity (defined as a BMI > 25) increased mortality independently of overall injury
severity in chest trauma patients. Additionally, hospital admission rate, length of hospital stay,
and injury severity were significantly increased for patients with a BMI > 25 [22]. However, as the
present study defined overweight and obesity more precisely compared with Fatica et al., we were
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able to specify these results, indicating that obesity but not overweight seems to be associated with
adverse outcome, whereas overweight was identified as an independent survival factor after severe
trauma with severe chest trauma. In this context, a nutritive advantage for overweight patients during
the prolonged intensive care course might represent a feasible explanation [31].

Additionally, a shielding impact of fatty tissue on inflammatory reactions following trauma,
supressing an excessive immune response, should be considered. The reason for this could be
the protective effect of oestrogens produced by aromatase activity in adipocytes as well as the
immunomodulatory effect of adiponectin, which can lead to endotoxin tolerance and lower susceptibility
to generalized inflammation [32,33]. Whilst patients with a BMI > 30 often suffer from chronic medical
comorbidities and present with higher mortality rates after severe trauma, overweight patients with
a BMI ranging from 25 to 30 points rarely present with severe medical conditions and can therefore
benefit from the protective effect of the additional fatty tissue.

In patients with only minor chest trauma, no advantage for overweight patients was noted.
The reason for this could be the different pattern of injury and different injury characteristics for the
respective weight entities [34,35]. Additionally, the lung represents a primary target organ due to the
inflammatory response after multiple trauma and could therefore be more predisposed to secondary
damage in patients with chest trauma [15]. Studying the obesity-related inflammatory profile could
provide additional insight.

Interpretation of the presented results should consider the limitations of this study. First, this
study is limited by its retrospective design. Furthermore, BMI was the only parameter used for body
weight since it represents the most widely accepted parameter in current literature analysing trauma
populations [7,36]. Our two groups (AIS ≥ 3 vs. AIS < 3) differed considerably on the extent of injury
severity, measured by the ISS (ISS 27 ± 11 Gr. I vs. 23 ± 8 Gr. II, p < 0.001) and the incidence of head
trauma (AIS 1.7 ± 2 Gr. I vs. 3.4 ± 2 Gr. II, p < 0.001). In order to consider the divergent groups
statistically, a multivariate regression analysis was performed.

Notwithstanding these limitations, this study offers new aspects regarding morbidity and mortality
in severely injured patients, emphasizing different weight entities with concomitant chest trauma.
In this respect, a BMI ranging from 25 to 30 seems to alter the clinical course, and its protective effects
must be investigated in future studies.

5. Conclusions

Based on the presented analysis, the presence of severe chest trauma in severely injured patients
has a considerable impact on the clinical course. Furthermore, divergent weight entities seem to affect
this impact on outcome. The treatment of severely injured patients should therefore reflect the presence
of overweight or obesity, assessing this influencing factor correctly during the clinical course.
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Abstract: Endotracheal intubation (ETI) with direct view laryngoscopy (DL) is the gold standard for
airway management. Videolaryngoscopy (VL) can improve glottis visualization, thus facilitating
ETI. The aim of this monocentric, randomized, prospective study on a physician staffed German air
ambulance is to compare DL and VL for ETI in terms of number of attempts and time as well as
visualization of the glottis in a prehospital setting in a physician-based rescue system in adult patients.
A power analysis was performed à priori. We used consecutive on-scene randomization with a sealed
envelope system for the DL and VL-group. Successful ETI with first pass success was significantly
more frequent with VL than DL and three seconds faster. The percentage of glottis opening and the
Cormack & Lehane classification were significantly better with VL than DL. Regarding improved
first pass success in ETI with the VL, we would recommend the use of VL for prehospital airway
management in physician-based rescue systems.

Keywords: airway management; intubation; laryngoscopy; video; prehospital care; rescue helicopter;
air ambulance

1. Introduction

A difficult airway with a “cannot intubate—cannot ventilate” situation is a potentially fatal issue
and a challenge for every physician [1]. Up to date, there is no simple reliable test for prediction of a
difficult airway, therefore it is often impossible to perform the available tests in an emergency situation
because of the missing opportunity for a structured evaluation of these factors.

In a physician based rescue system the gold standard in airway management should be
endotracheal intubation (ETI). However, even in the routine elective surgery situation Adnet and
colleagues reported a high rate of minor difficulties in ETI (37%) in a consecutive trial [2]. Additionally,
Timmermann et al. could demonstrate a failure rate of right bronchus or esophageal intubation from
emergency medical services in Germany of 10% and 6% in 2006 [3].

The question remains: How can we perform a safe ETI in the prehospital setting? A possible tool
to manage the airway problem and establish a secure airway is the videolaryngoscope (VL) [4,5].

Loughan and co-workers found no significant difference for VL and direct view laryngoscopy
(DL) in elective surgery [6]. Otherwise, a Cochrane review with 7044 participants undergoing elective
surgery found moderate evidence for a reduction of failed intubation and laryngeal/airway trauma for
VL and improved laryngeal view [7]. However, there was no evidence for a reduction in first pass
success. In contrast, Pieters and colleagues showed in a meta-analysis of 1329 elective patients with
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known difficult airways a significant improvement even for the experienced anesthetist for first-pass
success, laryngeal view, and a reduction of mucosal trauma [8]. Unfortunately, nearly all of these
studies are performed as in-hospital studies with known sobriety anesthesia, complete medical history,
and known risk factors.

In the past years some studies for prehospital videolaryngoscopy were published [9–11]. However,
the results are quite distributed, ranging from only 48% first pass success rate up to 86% with
different videolaryngoscopes. However, all of these studies are performed in air ambulance settings
with experienced anesthesiologists as prehospital care physicians. They are on the one hand not
representative for the common prehospital physician in Germany [12]. On the other hand, anesthetists
are highly trained in direct laryngoscopy and therefore tend to have a lack of motivation to use this
device as a new standard [13,14].

Therefore, the aim of this study was a comparison of DL and VL with regard to first-pass success
and time of attempts as well as glottis visualization in a prehospital setting in a physician-based rescue
system in adult patients. We hypothesized that VL will lead to a higher first pass success rate and a
better visibility of the glottis for non-anesthetist prehospital physicians.

2. Experimental Section

Ethical approval was obtained by the ethical board of Hannover Medical School with the
registration number 2016–7268. In accordance with the requirements of the ethical approval, informed
consent was obtained after recovery of the patient. In case of death or permanent disability consent
was obtained from relatives.

Prior to study, a power analysis with sample size calculation was performed for the first pass
success rate. For 80% quality with a significance level of p < 0.05 the sample size was set to 76 patients
per group, resulting in a total patient number of 152, assuming a first pass success rate of 80% in the
DL [15] and 95% in the VL group [16].

We performed a prospective, consecutive, and randomized enrolment of all adult patients with
indication for intubation on the air ambulance from 04/2017–01/2019 (Figure 1 Flow Chart).

 

Figure 1. Flow-Chart of patient enrollment.

2.1. Primary Outcome

First pass success rate in comparison of DL vs. VL.

2.2. Secondary Outcome

Visualization of the glottis in comparison of DL vs. VL.
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Comparison of success rate of less experienced physicians with <100 intubations (LEP) vs.
experienced physicians with >100 intubations (EP).

Inclusion criteria: Age ≥ 18 years; Necessity of endotracheal intubation.
Exclusion criteria: Age < 18 years.

2.3. Intubation and Staff

Intubations were performed with rapid-sequence induction in all patients >GCS 3 in a team
approach of a physician with the help of a HEMS paramedic. In patients with GCS 3 the intubation was
conducted without drugs. The treating physician had free choice of induction drug, but was instructed
to use a relaxant according to our standard operating procedures.

2.3.1. Physician

In contrast to most other German air ambulances all our physicians are experienced trauma
surgeons with an additional qualification for prehospital care. The experienced group had an experience
> 100 intubations (EP) prior to this study, the less experienced group < 100 intubations (LEP) in total.

2.3.2. HEMS Paramedic

The Helicopter Emergency Medical Service paramedics are specially trained and are qualified to
prepare ETI as well as support the physician during the intubation procedure. In this study the HEMS
paramedic conducted the documentation, drug administration, and time measurement.

2.4. Randomization

Immediately after the decision for endotracheal intubation the HEMS paramedic pulled a
sealed, opaque envelope with the randomized method and prepared the equipment for intubation.
The physician only knew the method right before the intubation. The envelopes were prepared with a
consecutive numbered standardized protocol (see measured parameters) in advance by author FG,
who was not involved in the treatment of the patients.

2.5. Airway Management Problems

In case of ETI problems with DL the physician was allowed to change the method to VL anytime
but had to switch to VL after the second fail with DL. Other back-up systems were also available
(laryngeal tube, bag-mask-ventilation, surgical airway).

2.6. Laryngoscope

The standard laryngoscope was a Vital View II LED from GE, Boston, Massachusetts, USA with
single use blades, whereas the videolaryngoscope was the C-MAC® PM from Storz Medical, Tuttlingen,
Germany with multi-use blades (Macintosh II-IV, D-Blade). The videolaryngoscope has been available
on the air ambulance since 2016. Moreover, every physician had a briefing into the usage prior to the
study and had to conduct at least ten intubations on an airway trainer.

2.7. Measured Parameters

All of these parameters were documented on a standardized protocol after performing the
intubation:

• Assumed intubation problems (facial trauma, limited mouth opening (<2.5 cm), no neck, rigid
collar during intubation, fluid in pharynx (vomit/blood)).

• Indication (resuscitation/CPR (cardiopulmonary resuscitation), trauma-resuscitation/trauma-CPR,
musculoskeletal trauma, neurologic, burns, pulmonary, drowning).

• Site (floor, ambulance stretcher, sitting position, inside helicopter, other).
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• Lighting conditions (poor, good, too bright).
• Necessary or applied relaxation with induction.
• Oxygen saturation before, during and after intubation.
• Best sight of glottis with percentage of glottis opening (POGO-Score) and Cormack-Lehane Score

(CL) I–IV.
• Time for intubation measured by the HEMS paramedic with a stopwatch from taking off the mask

to either tube blocking and detectable end-tidal CO2 or putting back the mask.
• In case of videolaryngoscopy usage: whether the monitor or direct laryngoscopy was used. In all

cases the monitor was used.
• Number of attempts with video- or direct view laryngoscopy.
• Blade size and type (Macintosh II-IV, D-Blade).
• Correctness of intubation proofed by auscultation and capnography.
• Necessity of alternative airway management.

2.8. Statistical Analysis

Statistical analysis was performed with SPSS 25 (IBM). For dichotomous variables the
Fisher’s-Exact-Test was used, and for mean variables the Mann-Whitney-U-Test after checking
for normal distribution. Significance level was set to p < 0.05.

3. Results

3.1. General Patient Data

Median age of the patients was 68 years (Q1:Q3; 55:78) and they were predominantly male (n = 113
(74.3%) vs. n = 39 (25.7%)). No alternative airway was necessary in any of the 152 cases. Thirty-four
patients (22.4%) died at the scene of ETI, all other patients were brought to hospital alive (n = 118
(77.6%)). All patients, including the deceased, had a documented detectable end-tidal CO2. There were
no differences in basic parameters in both groups. The site of intubation was as follows: stretcher of an
ambulance car (n = 79 (52.0%)), ground (n = 72 (47.4%)), sitting position in a car due to entrapment
(n = 1 (0.7%)). This was handled without difficulties in the first attempt with VL. For distribution of
indications for ETI see also Table 1.

Table 1. Indication for endotracheal intubation (ETI) in the study population.

Indication Number (n (%)) Total Number (n (%)) VL Number (n (%)) DL

Resuscitation/CPR 70 (46.1%) 29 (38.2%) 41 (53.9%)
Trauma-resuscitation/Trauma-CPR 14 (9.2%) 10 (13.2%) 4 (5.3%)

Musculoskeletal trauma 47 (30.9%) 27 (35.5%) 20 (26.3%)
Neurologic 11 (7.2%) 6 (7.9%) 5 (6.6%)

Burns 5 (3.3%) 1 (1.3%) 4 (5.3%)
Pulmonary 4 (2.6%) 2 (2.6%) 2 (2.6%)
Drowning 1 (0.7%) 1 (1.3%) 0 (0.0%)

CPR: cardiopulmonary resuscitation; VL: videolaryngoscopy; DL: direct view laryngoscopy.

There were no differences in the DL and VL group in view of lighting conditions, medical
indication, intubation site, as well as necessary or applied relaxation. All patients with GCS > 3 had a
relaxant administered with induction. Possible intubation problems—defined as facial trauma, limited
mouth opening (<2.5 cm), no neck, rigid collar during intubation, fluid in pharynx (vomit/blood)—were
found in 50% of the patients in each group (Table 2). There were no significant differences regarding
the above mentioned assumed possible intubation problems between DL and VL group.
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Table 2. Comparison of videolaryngoscopy (VL) and laryngoscopy (DL) of possible intubation problems.

VL (n (%; 95%-CI)) DL (n (%; 95%-CI)) p-Value

Number 76 76 -
Rigid collar during ETI 19 (25%; 15–35) 11 (14%; 6–23) 0.15

No neck patient 12 (16%; 7–24) 8 (11%; 3–18) 0.47
Mid facial trauma 10 (13%; 5–21) 8 (11%; 3–18) 0.80

Bleeding/aspiration 10 (13%; 5–21) 12 (16%; 7–24) 0.82
Limited mouth opening 6 (8%; 2–14) 3 (4%; −1–8) 0.49

Assumed intubation problems 42 (55%; 44–67) 39 (51%; 49–63) 0.75

We aimed to evaluate the oxygen saturation before, during, and after intubation. Unfortunately,
only in n = 71 (46.7%) cases these parameters were documented sufficiently. Nearly all cases were
unproblematic intubations in the first attempt with a desaturation no more than ten per cent. Especially
in CPR situations the values were poorly documented or not measurable.

3.2. Experienced vs. Less Experienced Physicians

No difference was found between the group of experienced physicians and less experienced
physicians for all parameters. The groups were distributed equally with 48% (47/98) VL usage for the
EP and 54% (29/54) VL (p = 0.6) usage for the LEP.

3.3. First Pass Success Rate

No alternative airway management had to be used in any of the 152 patients. Table 3. Displays
the success rate in relation to the number of attempts. VL resulted in 95% successful ETI at the first
attempt compared to 79% with DL. All of the four unsuccessful first attempts with VL were interrupted
attempts because of massive aspiration and/or pharyngeal bleeding before placing the tube, and
subsequent necessity for suction, whereas only three of the 16 s attempts with DL group were related
to this issue. The others were due to visibility problems. All aspirations or bleedings, except for one
aspiration in group DL and one in group VL after induction respectively, occurred before the first
intubation attempt and were not due to induction or intubation. Moreover, 100% (76/76) in the VL
group had a correctly placed tube after two attempts, whereas only 96% (73/76) in the DL group were
placed successfully at the second attempt.

Table 3. Number of attempts for VL and DL.

Attempts VL (n, (%; 95%-CI)) DL (n, (%; 95%-CI)) p-Value

1st attempt successful 72 (95%; 90–100) 60 (79%; 70–88) 0.007
2nd attempt successful 4 (100%; 100) 13 (81%; 60–103) 1.0
3rd attempt successful 0 (0%) 2 (67%; −77–210) not applicable
4th attempt successful 0 (0%) 1 (100%; 100) not applicable

Of the three patients with a second failed attempt with DL two could be intubated successfully
(67%) with VL in the first attempt. Only one patient with a Cormack-Lehane Score of IV needed a
second VL attempt.

The number needed to treat (NNT) for the first pass success with VL was 6.3, and the absolute
risk reduction was 0.16.

3.4. ETI Time and Glottic View

Median ETI time at the first attempt of VL and DL was 15.5 s (Q1:Q3; 10:20) and 18.5 s (Q1:Q3;
12.5:24.5) (p = 0.01). See Table 4. For all attempts.
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Table 4. Duration in relation to number of attempts for VL and DL in seconds (s).

Attempts VL (s) as Median (Q1:Q3) DL (s) as Median (Q1:Q3) p-Value

1st attempt 15.5 (10:20) 18.5 (12.5:24.5) 0.01
2nd attempt 15 (9.0:25.0) 15 (10:20) 0.89
3rd attempt n. a. 12 (10.5:18.5) n. a.
4th attempt n. a. 30 n. a.

Overall, VL leads to a significantly better glottic view in the first attempt (Table 5).

Table 5. Visibility of glottic opening in the first and second attempt for VL and DL.

Dependence on 1st Attempt VL DL p-Value

POGO-Score (%), median (Q1:Q3) 100 (90:100) 65 (30:90) <0.001
Cormack & Lehane, median (Q1:Q3) 1 (1:2) 2 (2:2) <0.001

Dependence on 2nd Attempt VL DL p-Value

POGO-Score (%), median (Q1:Q3) 72.5 (51.25:90) 20 (0:62.5) 0.04
Cormack & Lehane, median (Q1:Q3) 2 (2:2) 2 (2:3.75) 0.29

POGO: percentage of glottis opening.

4. Discussion

This prospective, consecutive and randomized study compared the success rate of the
video-laryngoscopic ETI with the conventional ETI in a preclinical setting of a German air ambulance.

The primary goal was to address the question whether the first pass success, meaning an successful
ETI in the first attempt, was higher in the VL group, as it is well-known that more than one attempt for
ETI in an emergency situation is a significant predictor for adverse events [17].

In our study we demonstrated a first-pass success rate of 79% with DL and 95% with VL, which is
comparable to the existing literature for DL but better for VL in the prehospital setting [10,11]. The first
pass success rate for in-hospital emergency ETI ranges from 75% to 85% with DL [15,18,19], and up
to 96% with VL [16,20,21]. Mackie and colleagues could demonstrate that first pass success could
be significantly increased from 59.2 to 85.1% with the C-MAC video-laryngoscope in 163 emergency
intubations by emergency registrars [22]. Moreover, the complication rate dropped from 28.9 to 16.1%
in their study.

A possible reason for the higher success rates with VL might be improved glottis visibility, as
it is long known for DL that a better view leads to higher success rates [23]. Piepho and colleagues
demonstrated in 52 patients with a Cormack & Lehane grade III an improvement with VL in 94%
of the patients [24] and Sulser and his co-workers reported a significantly better Cormack & Lehane
grade for VL in a randomized trial in an emergency department [25], although they were not able
to demonstrate a higher first-pass success rate as they had a first-pass success of almost 100% in
both groups. One possible explanation for these findings could be that all of the intubations were
performed by three very experienced anesthesiology consultants under favorable conditions in an
emergency department. However, this is not the usual setting for out of hospital ETI and the majority
of prehospital active emergency physicians in Germany are not that well experienced, since only about
25% are consultants [12].

We aimed to evaluate the desaturation during intubation as oxygen saturation is a crucial factor
during intubation [26]. Bodily and colleagues found in their study of n = 265 rapid sequence inductions
in an emergency department a desaturation in 35.5%, but had to exclude 99 patients from their
study due to unavailable data, although they used electronic data acquisition [26]. Unfortunately,
our documentation here is not adequate with data only recorded in 46.7% of cases. It should also be
mentioned that all intubations were performed in a team approach with reduced resources. Especially
in CPR situations with only a team of two persons the possibility for documentation is not always
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possible without endangering the patient. In our cohort more than half of the patients were patients
with CPR/Trauma-CPR with an initial GCS of 3. Moreover, the time for intubation was quite short,
so that desaturation was unlikely.

These points demonstrate the difficulty in transferring data from emergency in-hospital situations
to the rough environment in the prehospital setting.

Furthermore, it should be mentioned that the type of videolaryngoscope could have an influence
on first pass success, too. Ruetzler and colleagues found different success rates in a comparison of
five different videolaryngoscopes in a training situation in which C-MAC performed very well in
difficult airway situations [27]. Cavus et al. however, found the C-MAC only comparable to the
A.P.Advance but better than the KingVision [11].

Thus, the results for videolaryngoscopy with 95% first pass success could be linked to the type of
videolaryngoscope employed. Another possibility could be the profession of the physicians: all of
the physicians are trauma surgeons with training in arthroscopy. They are used to perform complex
triangulation on a 2D screen. Maybe this expertise helps in performing ETI with VL.

In this study there was no difference between well-experienced physicians with more than
100 ETIs and less-experienced physicians. Referring to Mackie and colleagues LEP probably were
able to intubate with high success rates with VL [22] and the success rates with DL are comparable
to other physician-based preclinical ETI rates with DL [19]. Because of the study design with focus
on comparison of VL and DL, preplanned patient number in both groups for this particular question
would be too small to answer it with high statistical power. On the other hand, we had no necessity for
an alternative airway in any of the 152 patients, and even two out of three patients (67%) with two
failed DL attempts could be intubated with VL at the first try.

Another finding of our study was the three-seconds-faster ETI with VL. The absolute time
seems quite fast with 16 and 19 s, respectively. Different authors reported intubation times around
30 s [6,25]. However, it is difficult to compare the absolute time for intubation procedure as the
definition of beginning and ending differs vastly. Moreover, we are convinced—in accordance with the
literature—that time is not as crucial as the first-pass-success, as long as there is no desaturation with
hypoxia during intubation [7,15].

4.1. Limitations, Strength, and Generalizability

There are limitations to this study. First, the study was only performed on one air ambulance in
Germany with physicians experienced in prehospital care, which limits the results to physician-based
prehospital care with the use of rapid-sequence induction. Moreover, all of the physicians are trauma
surgeons without any anesthesiological background, which limits the generalizability of this study.

On the other hand, this could be a strength as well. Only half of the physicians had performed
more than 100 intubations in their medical career. However, the results of this study are comparable
to other anesthesiological studies where only experienced anesthesiologists performed emergency
intubations, but better regarding videolaryngoscopy [5,9,10]. Furthermore, our group of physicians
is very homogenous with relatively low experience in ETI from 50 to 300 in total. This represents
the German reality in prehospital care even better than well-experienced anesthesiologic consultants
would do [12]. With regard to the relatively low experience in ETI of our physicians and the high rate
of patients without the need for rapid-sequence-induction, this study may be applicable for paramedics
as well.

A further strength of this prehospital study with prospective randomization is the consecutive
inclusion of the participants without any loss of recruitment or exclusion of patients.

Moreover, we performed a prior power analysis and assumed a distribution of 80% (DL) and 95%
(VL) first pass success for an 80% quality. It should be mentioned that we assumed the different values
based on one review and meta-analysis of Park et al. [15] which deals with intubations in emergency
departments. Furthermore, because of a lack of high-volume studies or wide distribution regarding
the success rates of videolaryngoscopy in emergency situations, we used Aziz et al. [16] to estimate the
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success rate of videolaryngoscopy. This study is a retrospective in-hospital study. It could be debated
whether this is transferrable to our study. Otherwise, the prior power analysis correlates very closely
with our results.

4.2. Summary

We could demonstrate a significantly better first pass success, a better glottic view and a slightly
faster ETI with VL. Since most of the prehospital active emergency physicians in Germany are not very
experienced in ETI [12] and younger and less experienced physicians benefit most from VL [20,22],
we would recommend videolaryngoscopy as primary device for ETI in prehospital care at least in a
physician-based system.

5. Conclusions

In this prehospital randomized study comparing videolaryngoscopy and direct laryngoscopy
we showed a significant advantage of videolaryngoscopy in view of success at the first attempt
in prehospital endotracheal intubation. Therefore, we recommend videolaryngoscopy as the
primary device for airway management with endotracheal intubation in the prehospital setting
in a physician-based rescue system. Since the completion of this study we use videolaryngoscopy as
the primary device in our own air ambulance.
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Abstract: Background: Minimally invasive sacroiliac-screw (SI-screw) fixation of the pelvis is used in
energy trauma (Arbeitsgemeinschaft für Osteosynthesefragen (AO) classified) and fragility fractures
(Fragility Fracture of the Pelvis (FFP) classified). However, available clinical data are based on small
case series and biomechanical data seem to be contradictory. Methods: The present single center
retrospective cohort study investigated percutaneous SI-screw fixation and augmentation over 15 years.
Groups were compared concerning the general epidemiological data, mobilization, complication rates,
duration of stay, and safety of SI-screw insertion. Multivariable analyses were performed using logistic
regression. Results: Between 2005 and March 2020, 448 patients with 642 inserted SI-screws were
identified. Iatrogenic neurological impairment was documented in 2.47% and correlated with screw
misplacement. There was an increased complication risk in patients with AO type C over patients
with AO type B and in FFP II over FFP III/IV patients. Cement-augmented FFP patients showed a 25%
reduced stay in hospital and a reduced complication risk. Cement-associated complications were seen
in 22% without correlation to neurologic impairment. Conclusions: The present study confirms the
safety and usability of percutaneous SI-screw fixation, despite specific risks. Cement augmentation
seems to reduce the complication risk in FFP patients and shorten hospital stay for some reasons,
without increased specific complications or correlated neurological impairment.

Keywords: sacroiliac-screw; SI-screw; percutaneous operation; augmentation; pelvic ring; fragility
fracture; 3-D navigation

1. Introduction

Percutaneous sacroiliac-screw (SI-screw) fixation is considered to be the “gold standard” for the
treatment of posterior pelvic ring fractures since it was described in 1973 [1]. However, there is still a
considerable risk of iatrogenic injury to the lumbo-sacral nerve roots, the superior gluteal artery and the
iliac vessels [2]. These complications can be caused by K-wire or screw mal-positioning during insertion.
The rate of mal-positioning is still reported to be approximately 5% [3,4]. Nevertheless, the advantages
over open techniques are obvious and some authors consider percutaneous SI-screw fixation to
be the only minimally invasive technique to stabilize the posterior pelvic ring [5]. Traditionally,
pelvic injuries are considered to be associated with an immense traumatic impact, often associated
with other severe injuries. An increasing number of cases, however, resulted from low energy trauma
associated with osteoporosis in the geriatric population. Different classifications are available to rate
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these injuries. One common classification was introduced by Tile [6] and is included into the AO
classification systematics [7]. To prevent complications, early mobilization is one reason for surgery.
Despite the increasing usage of the minimally invasive SI-screw technique, knowledge is still limited.
Recent reviews are based on small case series, biomechanical investigations, and technical reports,
so far [8,9].

The rising numbers of fractures to the pelvis occurs in the aging population. Here is an increasing
incidence of fractures to the pelvis as a result of low impact and associated with an advanced frailty
status [10]. It seems to be crucial to distinguish between these two entities. The so-called fragility
fractures are described to differ in terms of morphology and injury mechanisms from high-energy
pelvic injuries. The grade of instability in these fractures may increase over time [11]. In 2013 Rommens
and Hofmann proposed a new classification for the fragility fractures of the pelvis (FFP) [12]. The FFP
classification is reported to allow moderate intra- and inter-rater reliability [13]. A disproportionately
high in-hospital mortality rate with these, in supposedly less severely injured patients, is reported [14].
Pain reduction and rapid return to mobility are the main treatment goals in these patients [15].
Eckardt et al. described a good functional outcome after percutaneous screw stabilization in patients
suffering fragility fractures of the pelvis [16]. They investigated 50 patients with a mean age of 79 years.
They described a 1-year mortality of 10% and an additional loss of independency in 13%. Furthermore,
they reported on one intraoperative screw misplacement, one severe intraoperative bleeding and one
post-operatively detected misplaced screw with ischial pain. Moreover, implant loosening in over 30%
with 18% of patients requiring revision surgery is reported [16]. Despite the wide usage of percutaneous
SI-screw fixation for the treatment of pelvic ring fractures, this technique remains insufficient for the
anchorage of the screws inside the sacrum in cases of severe osteoporosis. To gain increased anchoring,
Tjardes et al., as well as Müller and Fuchtmeier, suggested cement augmentation [17,18], which was
described by Wähnert et al. using cannulated perforated SI-screws [19]. To data, few data are available
on this topic. A recent systematic review by König et al. found eleven studies. Out of these, five were
case series and the other six were biomechanical cadaveric studies [9]. They concluded that, based on
few clinical case series with relatively low numbers of patients and available biomechanical data,
the augmentation of SI-screws was safe and effective. However, the biomechanical results on the
effect of augmentation are contradictory. Some authors found no difference between the augmentation
of sacroiliac-screw and conventional sacroiliac-screw fixation [20–22]. Others report on improved
biomechanical stability due to cement augmentation [23–25]. Clinical data again are only available
from small case series. The number of patients ranges from 8 to 34 [19,26–29]. König et al. concluded
in their review that there were no larger case series, prospective data or randomized trials available [9].
To our knowledge, these important contributions to estimate the clinical impact are still missing.

We were able to retrospectively investigate percutaneous SI-screw fixation and augmentation in a
large number of patients treated over the last 15 years. These single center retrospective observational
data should provide an important contribution to the remaining uncertainty about risk, safety and
immediate effects of SI-screw fixation, with and without augmentation.

2. Experimental Section

This is a retrospective, single-center cohort study. From January 2005 to March 2020, patients were
identified by operation and procedure coding (OPS) (5-790.0d, 5-79a.0e, 5-79b.0e, 5-83b.20, 5-83b.21)
using the hospital database. Individual case review was performed for each case, including digitally
available imaging. Retrospective data acquisition included age, sex, numbers of SI-screws, cement
augmentation, classification of injury, Patient Clinical Complexity Level (PCCL) [30], American Society
of Anesthesiologists (ASA) score, Charlson Comorbidity Index (CCI) [31], body mass index (BMI),
duration of in-hospital stay, major and minor complications, screw-associated complications,
cement=associated complications, mobility at time of discharge, usage of intraoperative 3D
scan, usage of intraoperative navigation and postoperative peripheral neurological complications.
All documented complications were recorded and rated to be minor or major complications.
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An overview is given in Table 1. All cases were re-classified using available imaging or the description
of morphology. Descriptive analysis was performed including all patients providing the required data.
The number of included patients for distinct analysis was provided where appropriate. An overview
is given in the result section (Figure 1). Pelvic ring fractures caused by high-energy trauma were
classified using the Arbeitsgemeinschaft für Osteosynthesefragen (AO) Classification [7]. All fractures
caused by minor trauma were classified using the FFP classification [12]. By doing so, we were able to
distinguish between high- and low-energy trauma in our data set. Screw-associated complications
distinguished between the non-perforation of cortical bone, less than 3.6 mm (mild) and more or
equal than 3.6 mm (severe), regardless of potential clinical significance. This grading was chosen in
context with the used 7.3 mm and 7.5 mm screws. Cement-associated complications were defined to
include all cement extrusions outside the bony sacrum, regardless of potential clinical significance.
Clinically obvious problems, like postoperative peripheral neurological impairment, were recorded
and reported separately.

Table 1. Minor and major complications.

Minor Compilation Major Complication

• Hypertensive derailment • Inguinal hernia incarcerated postoperatively
• Delayed wound healing • Cerebral hemorrhage postoperatively
• Infections (UTIs 1, pneumonia, other infections
without severe clinical impact)

• Postoperative fracture dislocation
• Intraoperative resuscitation

• Postoperative atrial fibrillation • Death
• Postoperative anemia • Implant failure requiring revision surgery
• Pain described to be the reason of delayed discharge • Heavy intraoperative bleeding 2

• Superficial wound infections • Acute kidney failure (AKIN)
• Hematoma (without revision) • Persistent postoperative neurological impairment until discharge 3

• Temporary neurological impairment 1 • Postoperative cerebral insult
• Postoperative angioedema •Wound infection requires revision surgery
• New diagnosis of restless leg syndrome • Postoperative pulmonary artery embolism
• Early loosening of external supraacetabular fixator • Postoperative wound-related hemorrhage
• Pain beyond a period of about 6 months • Postoperative severe hematoma with revision surgery

• Postoperative positive Trendelenburg sign
1 Urinary tract infection; 2 intraoperative transfusion or description of severe bleeding in the surgeon’s report; 3

Postoperative peripheral neurological impairment is reported separately.

Statistical analyses were performed using the SAS® software version 9.4 for Windows
(SAS Institute, Cary, NC, USA). Data are described using the median and interquartile range (Q1–Q3)
or the absolute and relative frequencies. Groups were compared concerning the complication rates
(i.e., proportion of patients with at least one major/minor complication) using Fisher’s exact test.
Multivariable analyses were performed using logistic regression. Results are reported as odds ratios
(OR) and the corresponding 95% confidence intervals. Groups were compared concerning the ordinal
and continuous variables using the Mann–Whitney U test. Linear regression was used to analyze the
duration of hospital stay, which was log-transformed because of its skewed distribution. Therefore,
the results are reported in terms of ratios concerning the geometric mean and corresponding 95%
confidence intervals. Missing data are indicated for each analysis in the results section.

The study was approved from the local ethical committee (Ref.#2020-409-f-S).

3. Results

Between 2005 and March 2020, 448 patients with 642 inserted SI-screws were identified. The median
age was 57.93 years (Q1:40.97; Q3:77.16). Overall sex distribution f/m was 249/199 (56%/44%).
Median age of males was 49.72 years (Q1:31.07; Q3:65.84); median age of females was 70.90 years
(Q1:48.83; Q3:81.59).

One hundred and twenty-four patients (27.68%) were classified as AO B, 176 patients (39.29%)
as AO C, 117 patients (26.12%) as FFP II, nine patients (2.01%) as FFP III and 22 patients (4.91%) as
FFP IV. There was an obvious difference in age and sex between the trauma categories. The median

41



J. Clin. Med. 2020, 9, 2660

age in AO B patients was 49.35 years (Q1 31.04; Q3 64.71). In AO C patients the median age was
46.49 years (Q1 28.50; Q3 60.98). The median age in FFP II patients was 80.16 years (Q1 73.09; Q3 85.36),
in FFP III patients 71.61 years (Q1 65.96; Q3 81.88) and in FFP IV patients 76.31 years (Q1 69.90;
Q3 80.81), respectively.

Figure 1. Schematic overview of the included cases according to the STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) recommendations [32]. High-energy trauma was
excluded from the analysis of augmentation. No follow-up was performed. Reduced numbers represent
missing data in available sources. In all cases, a clinical report and a distinct radiological report or
imaging was available. In cases of available electronic imaging, classification was performed by the
authors. Patients without a history of high-energy trauma were re-classified using the fragility fractures
of the pelvis (FFP) classification (FFP II—non-displaced posterior ring fracture; FFP III—displaced
unilateral posterior pelvic ring fracture; and FFP IV—displaced bilateral posterior pelvic ring
fracture). OPS = operation and procedure coding; AO = Arbeitsgemeinschaft für Osteosynthesefragen;
FFP = Fragility fractures of the pelvis; BMI = Body mass index; PCCL = Patient Clinical Complexity
Level; ASA = American Society of Anesthesiologists score; CCI = Charlson Comorbidity Index.

Sex distribution in both AO groups (n= 300) was f/m 39.67%/60.33% and in all FFP groups (n = 148)
f/m 87.84%;12.16%, respectively. The different distribution of age separated by sex is presented in
Figure 2.

BMI calculation was possible in 362 patients. Median BMI was 24.49 (Q1: 22.28; Q3: 27.68) ranging
from 15.76 (min) to 50.70 (max). No differences between males and females were found.

A single screw was inserted in 282 (63.09%) patients, two screws in 145 (32.44%) patients and
more than two screws in 20 (4.47%) patients. Intraoperative 3D imaging was documented in 69%.
Consecutively, in 31%, intraoperative conventional 2D fluoroscopic imaging was documented. Out of
the 305 cases in which 3D imaging was documented, one single scan was performed in 246 cases
(80.66%), two scans were documented in 47 (15.40%) cases and three scans were documented in 12 cases
(0.04%). Navigation was used in 141 cases (31.69%). Intraoperative 3D scans performed for image
acquisition to perform 3D navigation was not counted for the above presented interoperative 3D
imaging. Out of the navigated cases, five cases of 2D navigation were documented. All the others
were 3D navigated.
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Figure 2. Descriptive analysis of age separated by sex in the different classification patterns.
Dots indicating outliers.

Overall documented PCCL coding was distributed with two peaks. PCCL 0 was found in 101 cases
(22.54%), whereas PCCL 1 and PCCL 2 were documented only in 22 (4.91%) and 44 (9.82%) cases,
respectively. Another peak was seen in PCCL 3 and PCCL 4 with 117 (26.12%) and 100 (22.32%),
respectively. PCCL 5 was found in 51 cases (11.38%) and PCCL 6 in 13 (2.90%). The majority of cases
were rated ASA 2 and 3 (ASA 1: 18.66%; ASA 2: 45.68%; ASA 3: 33.70%; ASA 4: 1.95%), whereas the
majority of cases presented a CCI of 0 (CCI 0: 64.29%; CCI 1:15.18%; CCI 2: 10.04%; CCI 3: 5.36%;
CCI 4: 2.01%; CCI 5: 1.79%; CCI 6: 0.89%; CCI 7: 0.45%). The median age in the cases with CCI 0 was
48.13 years (Q1: 29.31; Q3:63.90) whereas the median age in CCI 1–7 was higher than 70 years. In all
patients, the major and minor complications were seen more frequently in males. Major complication
rate (patients with at least one complication presented in Table 1) in males (17.09%) was twice as much
compared to that in females (8.84%) (p = 0.0097). Moreover, minor complications occurred more often
in males (29.65%) than in females (20.56%) (p = 0.0278). Multivariable regression analysis also shows a
reduced risk of major complications in females compared to males (OR 0.538), an increased risk in AO C
compared to AO B (OR 3.516) with a comparable risk between FFP II and AO B (OR 0.819). Furthermore,
we found a considerable increased risk of FFP III/IV over AO B (OR 4.137) and even increased compared
to AO C (OR 1.176). Odds ratios with 95% confidence limits for major complications are illustrated and
presented in Figure 3a. The analysis for minor complications revealed comparable results illustrated
and presented in Figure 3b. Since FFP group was predominant in augmented cases, a separate analysis
on this group will be provided separately to facilitate comparability.
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(a) (b) 

Figure 3. Odds ratios with 95% Wald confidence limits for (a) major complications (augmented vs.
non-augmented 0.742; female vs. male: 0.538; AO C vs. AO B: 3.516; FFP II vs. AO B: 0.819; FFP III/IV
vs. AO B: 4.137; AO C vs. FFP II: 4.293; AO C vs. FFP III/IV: 0.850; FFP II vs. FFP III/IV: 0.198) and (b)
minor complications (augmented vs. non-augmented 0.642; female vs. male: 0.665; AO C vs. AO B:
2.423; FFP II vs. AO B: 1.263; FFP III/IV vs. AO B: 4.624; AO C vs. FFP II: 1.918; AO C vs. FFP III/IV:
0.524; FFP II vs. FFP III/IV: 0.273).

3.1. Safety of SI-Screw Insertion

Out of the 642 inserted SI-screws in 448 patients, the review of correct placement was possible
for 422 patients (604 screws). Correct screw placement was accounted for in 385 patients (91.23%),
whereas minor screw displacement was found in 19 patients (4.5%) and major displacement was seen
in 13 patients (3.08%). In five cases, revision surgery was performed (1.18%). Iatrogenic neurological
impairment after surgery was documented in 11/446 patients (2.47%). In eight cases, neurological
deficit was present at the time of discharge, and in three cases, temporary impairment with recovery at
time of discharge was documented. Despite the screw misplacement, 5/37 (13.51%) of the consecutive
neurological deficits were found in this cohort. However, neurologic complications were correlated
with screw misplacement (p = 0.0001). There was no difference concerning the observed rate of
misplaced screws between the conventional placement (8.05%) and the 3D navigated screw insertion
(9.24%). In this context, no reduction of screw-related complications using 3D navigation was seen
(p = 0.3076) in our collective. The median BMI in patients with screw misplacement was 26.09 mg/m2

(Q1 23.37; Q3 29.22) compared to a median BMI of 24.49 mg/m2 (Q1 22.22; Q3 27.44) in patients without
screw-related complications (p = 0.0938).

3.2. Analysis of AO-Classified Patients

Median duration of hospital stay in AO B patients was 15 days (Q1 8; Q3 24.5) and obviously
shorter compared to 21 days (Q1 13; Q3 34) in the AO C patients. PCCL 0 and 1 was seen predominantly
in the AO group. In the AO B group (n = 124), mobilization until discharge was performed using
Crutches in 69.35%. Rollator or walking frame was necessary in 9.68%, a wheelchair in 11.29% whereas
no adequate mobilization until discharge was documented in 8.87%. No information about mobilization
was found in 0.81%. In the AO C group (n = 176), the rate of cases that were able to use crutches
was obviously lower (45.45%). In this group, 26.70% required a wheelchair at the time of discharge,
whereas 8.52% were mobilized using a rollator or walking frame. In 16.47%, no adequate mobilization
was possible. In the remaining 2.84%, no information about mobilization was documented. As already
shown, there was an obviously increased risk for developing a major or minor complication in AO C
patients compared to the AO B patients presented in Figure 3.

3.3. Analysis of FFP-Classified Patients

In FFP II, the median duration of stay was 8 days (Q1 5; Q3 12), in FFP III 7 days (Q1 7; Q3 8) and
in FFP IV 12 days (Q1 10; Q3 18). Overall, 52.03 % of FFP patients were mobilized using a rollator or

44



J. Clin. Med. 2020, 9, 2660

walking frame. In addition, 29.73% were able to use crutches until discharge. In 7.43%, mobilizing
was only possible using a wheelchair, and in 8.79%, mobilization was not successful until discharge.
Data on mobilization were missing in the remaining 2.03%. There was no obvious coherence between
mobilization and age except for bedridden cases. Median age in this population was about 5 to 10 years
older. Details are provided in Table 2. There was no obvious influence of PCCL on the duration of stay
except very high PCCL scores 5–6. Details are presented in Table 3.

Table 2. Mobilization at time of discharge.

Free
Mobilization

Rollator/Walking
Frame

Wheelchair
Crutches/Walking

Stick
Bedridden

No
Information

Median age
(years) 86.17 80.16 75.45 76.53 84.72 –

Q 25% 56.48 75.46 66.48 64.81 69.01 –
Q 75% 87.80 84.14 84.95 83.96 85.65 –
FFP II 2 (1.71%) 60 (51.28%) 7 (5.98%) 37 (31.62%) 9 (7.69%) 2 (1.71%)
FFP III – 1 (11.11%) 1 (11.11%) 6 (66.67%) – 1 (11.11%)
FFP IV 1 (4.55%) 16 (72.73%) 3 (13.64%) 1 (4.55%) 1 (4.55%) –

Table 3. Duration of stay (number of days) after surgery and the occurrence of major complications in
dependence of PCCL.

PCCL

0–1 2 3 4 5–6 Total

n 33 18 50 37 10 148
Median (d) 9 5.5 8 9 25 8

Q 25% 5 4 5 6 16 5
Q 75% 12 8 11.5 15 32 13.5

PCCL: Patient Clinical Complexity Level.

Major complications in FFP II group were found in 7/117 (5.98%) compared to 2/9 (22.22%) in
FFP III and 5/22 (22.73%) in FFP IV. We found 14 major complications in 148 patients in these groups.
Moreover, minor complications occurred less in FFP II 20/117 (17.09%) compared to 4/9 (44.44%) in the
FFP III and 9/22 (40.91%) in the FFP IV group. Due to similar complication rates in FFP III and FFP IV
with relatively low numbers, FFP III and IV were merged for some analysis. In this case, the group is
presented as FFP III/IV. There was an obvious difference between the FFP II and the FFP III/IV group,
in the occurrence of at least one minor or major complication. Complication rate in the FFP II group
was 27/117 (23.08%) compared to 17/31 (54.84%) in the FFP III/IV group. Multivariable regression
analysis revealed a reduced risk for major complications with augmentation vs. none (OR 0.598), and a
slightly reduced risk for females over males, also in the isolated analysis of FFP groups (OR 0.974).
Furthermore, there was an increased risk in FFP III/IV compared to FFP II (OR 4.679), illustrated
in Figure 4a. Comparable effects could be detected for minor complications. Further information is
illustrated and presented in Figure 4b.
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(a) 

(b) 

Figure 4. Odds ratios with 95% Wald confidence limits for (a) major complications (augmented vs.
non-augmented: 0.598; female vs. male: 0.974; FFP III–IV vs. FFP II: 4.679) and (b) minor complications
(augmented vs. non-augmented: OR 0.862; female vs. male: OR 0.532; FFP III–IV vs. FFP II: OR 3.006).

3.4. Effect and Safety of SI-Screw Augmentation

Augmentation was performed in 118 patients (26.34%). Out of these, 49 cases (41.53%) were
treated with unilateral and 69 (58.47%) with bilateral augmentation. Augmentation was mainly
performed in FFP-classified fractures (66.89% augmented vs. 6.33% in AO, p <0.0001). For further
investigation regarding augmentation, only FFP-classified cases would be included. No statistical
differences in BMI between the augmented (median: 24.01, Q1:21.41; Q3:26.57) and non-augmented
patients (median: 24.69, Q1: 22.49; Q3: 27.76) were found.

FFP patients with augmented SI-screws showed a higher ASA scoring than the non-augmented
(47.3% ASA 3–4 in patients with augmented SI-screws vs. 30.8% in patients without augmentation,
p = 0.0391). Moreover, CCI was higher in the augmented group compared to the non-augmented
(20.8% CCI >3 vs. 10.3%, p = 0.150).

Univariate regression revealed a 25% (ratio augmented vs. non-augmented 0.744, 95%CI
0.585–0.945, p = 0.0157) reduced time from surgery to discharge (unilateral: median 8 days; bilateral
median 7 days; non-augmented median 11 days) in the augmented cases. There were no statistical
differences between the unilateral and bi-lateral augmentation (Figure 5).
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Figure 5. Postoperative duration of stay in the FFP cases: (a) bi-lateral and unilateral showing about a
25% shorter stay in hospital compared to the non-augmented group; (b) differentiation between the
FFP II and FFP III/IV also shows the effect of augmentation with earlier discharge after augmentation.
Dots indicating outliers.

Mobilization of the FFP patients after surgery was possible in 91.03%. Mobilization in dependence
of augmentation showed a higher rate of cases mobilized with a rollator or walking frame, whereas in
the non-augmented group, an obvious higher rate of mobilization with crutches was detectable
(p = 0.0736). Details are provided in Table 4.

Table 4. Mobilization at time of discharge in dependence of augmentation.

Free
Mobilization

Crutches/Walking
Stick

Rollator/Walking
Frame

Wheelchair Bedridden
No

Information

Unilateral augmentation 2 (6.06%) 10 (30.30%) 18 (54.55%) 1 (3.03%) 2 (6.06%) –
Bilateral augmentation – 12 (18.18%) 39 (59.09%) 7 (10.61%) 6 (9.09%) 2 (3.03%)

No augmentation 1 (2.04%) 22 (44.9%) 20 (40.82%) 3 (6.12%) 2 (4.08%) 1 (2.04%)
In 3 cases, no information about mobilization could be found.

There was no statistical difference in the occurrence of major complications between the augmented
and non-augmented FFP cases (8/99 vs. 6/49 patients, p = 0.5513). Moreover, minor complications were
not different with and without augmentation (20/99 vs. 13/49 patients, p = 0.407). In FFP patients,
neither a difference was seen between female and male for major complications (2/18 m vs. 12/130 f,
p = 0.680) nor for minor complications (6/18 m vs. 27/130 f, p = 0.236). Interestingly, major and minor
complications occurred less in FFP II (major: 7/117, 5.98%; minor: 20/117, 17.09%) compared to FFP
III/IV (major: 7/31, 22.58%; minor: 13/31, 41.94%). This difference was statistically noticeable for major
complications (p = 0.0108) and minor complications (p = 0.006).

Univariable regression revealed a reduced risk of major complications in augmented FFP
cases for bilateral augmentation (OR 0.850) and unilateral augmentation (OR 0.224) compared with
no augmentation. A similar effect was explored concerning the minor complications for bilateral
augmentation (OR 0.746) and unilateral augmentation (OR 0.615), shown in Figure 6.

Cement-associated complications were seen in 26/118 cases (22%). Out of these, spinal extravasation
was detected in 3/118 cases (2.5%) and foraminal extravasation was seen in 2/118 cases (1.7%). All other
cement extrusions were without correlations to neurologic structures and no cardio-vascular relevance
was documented. Neurologic complications were correlated with documented screw misplacement
(Section 3.1.), but not with cement complications (p = 0.3936).
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(a) 

(b) 

Figure 6. Univariable analysis of augmentation concerning (a) major complications; and (b)
minor complications.

4. Discussion

Percutaneous SI-screw insertion in our department was performed over the last 15 years.
In consequence, we were able to report on 448 patients with 642 inserted SI-screws. To our knowledge,
this is the largest clinical study on this topic, so far. We have not investigated any alternative treatment
options. For that reason, no comparative conclusion can be provided in this study.

A retrospective, single-center cohort study on 102 traumatic patients was reported by
Pishnamaz et al. [33]. Misplacement in conventional placed screws is reported to be between
8.8–12.4% [4,33,34] in conventionally techniques and 3.6–4.9 % using 3D navigation [4,35]. We found
correct screw placement in 91.23%, whereas minor screw displacement (<3.6 mm) occurred in 4.5% and
major displacement was seen in 3.08%. The neurological sequel of screw mal-positioning was reported
to be up to 18% [2]. Our results confirm this by 13.51% of consecutive neurological deficits. Furthermore,
peripheral neurologic complications were correlated with screw misplacement (p = 0.0001).

The rate of mal-positioning is reported to be reduced in 3D navigated techniques [34,36]. We cannot
confirm this from our results and found no statistical differences between the conventional SI-screw
insertion and 3D navigation in this context. This is in accordance with a report from the German
Pelvic Trauma Registry [4]. However, the investigated time period potentially included some surgical
and technical evolutions. For that reason, it is difficult to generally reject potential advantages of
3D navigation based on our results. However, our data contribute to the general judgement that
percutaneous SI-screw osteosynthesis is considered to be safe in general, but technically demanding
with specific risks [2,36,37].

Most reports on screw misplacement and safety report on traumatic pelvic fractures [2,4,33–36].
The present study does not differentiate between traumatic and fragility fractures in this specific
context. However, the mechanisms of injuries and its pathology are considered to be different [38].
For that reason, we used a differentiated method to evaluate and report our results. To avoid confusion,
“traumatic fractures”, resulting from high energy, were classified using the AO classification [6,7]
and fragility fractures were classified using the FFP classification [12]. Doing so, we were able to
report on both entities separately, but also together where appropriate. In addition to reporting on
obvious screw-related complications, multivariable regression analysis revealed that women may have
a reduced risk compared to men in developing complications. These findings contradict review-based
reports on equal odds for complications in spinal surgery [39]. We also found an increased complication
risk and a longer stay in hospital in patients with AO C fractures compared to AO B fractures.
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These findings were expected and are consistent with current literature [40]. The distribution between
AO B type and AO C type may be different to other epidemiologic reports [41]. This effect is potentially
explained by the fact that only patients who received SI screw fixation were included in this study.
We also revealed more complications and increased hospitalization time in FFP III/IV compared to FFP II.
This is consistent with the anticipated increase in severity and instability within the classification [11,12].
Therefore, the usage of both classifications in our study are consistent. We found more complications
and a longer stay in hospital in AO C patients compared to AO B. Interestingly, FFP II fractures showed
a risk for complications comparable with AO B patients, whereas FFP III and IV revealed an increased
risk for complications, even increased over AO C. Taking into account that there is a possibility of
progression of fracture severity reported [42,43], further information seems to be mandatory which
patients suffering FFP I or II fractures will heal conservatively, and which preferably should be offered
early in the surgery to prevent progression. This is probably one of the most important questions in
this field to be answered in the near future.

One additional option to potentially increase screw anchorage in reduced bone quality is cement
augmentation. Höch et al. investigated in-screw augmentation in a prospective observational study of
34 patients and reported this technique to be effective and safe [27]. However, a recent review showed that
there was little evidence in this field [9]. They reported that the confirmation of safety and effectiveness
was based on only few clinical case series with relatively low numbers of patients. They concluded that
based on available literature, augmented SI-screw techniques need to be considered to be experimental
with unclear clinical benefit [9]. Our results on a relatively large number on patients may contribute
to fill this gap of knowledge. No increase in specific complications was seen after the augmentation
compared with non-augmented comparable patients. A reduced risk for general complications in the
augmented group was seen, instead. Cement-associated complications were seen in 5.82%. This seems
to be relatively low in comparison with recently published leakage rates of 14.7% in kyphoplasty [44].
Fragility fractures of the pelvis are reported to be associated with intense and immobilizing pain [11].
This immobilization may cause additional complications. Van Dijk et al. reported a complication rate of
20.2% after the fracture of the pubic ramus [45]. To prevent prolonged immobilization, surgery might
facilitate mobilization. We found that immediate mobilization was possible in more than 90% after
surgery. Augmented patients were predominately mobilized with a rollator or walking frame, whereas in
the non-augmented group, a higher rate of mobilization with crutches was observed. Even if there was
no statistically evident effect on the kind of mobilization, univariate regression revealed a 25% reduced
time from surgery to discharge in the augmented group. Furthermore, multivariable regression revealed
a potentially reduced risk for both minor and major complications, whereas no increased screw-related
complication rates were seen between the augmented and non-augmented collective. Due to only 14
major complications in FFP groups, the statistical conclusiveness of multivariable analysis for major
complications in these groups (shown in Figure 3) may be limited. However, the results are consistent
with other findings presented in this study. Even in consideration of a selection bias in the surgeon’s
decision for augmentation, it is conjecturable that this was made in potentially lower bone quality and
inferior patient conditions, which is supported by higher ASA and CCI scoring in the augmented group.
This would even enhance the shown effect. To the best of our knowledge, this effect was not reported
previously and would complement the shown safety with a potential benefit. The reason for this effect
remained unclear. Osterhoff described that in a biomechanical study, the mode and dynamics of failure
changed due to cement augmentation. However, they found no advantages in terms of screw motion or
cycles to failure [21]. This is consistent with other biomechanical studies in which cement augmentation
does not prevent from screw loosening and implant failure [22]. Other factors like the stabilization
of the anterior pelvic ring potentially influence this mid- and long-term outcome, with a potentially
additive effect. However, this was not investigated in this study.

To date, the benefit of cement augmentation in SI-screw osteosynthesis is considered to be unclear
and the usage therefore to be experimental [9]. Our data conclude the safe and beneficial usage of
cement augmentation of SI-screws in selected patients.
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5. Conclusions

Percutaneous SI-screw osteosynthesis is confirmed to be safe for traumatic pelvic ring fractures
and fragility fractures of the pelvis in general. However, this technique remains technically demanding
with specific risks. The potential neurological sequel of screw mal-positioning reported previously was
confirmed. Cement augmentation was shown to be safe and effective. We have not found increased
specific complications or correlated neurological impairment in this context. Augmentation seems to
reduce the risk of general complications in FFP patients. Furthermore, augmented FFP patients have a
shorter hospital stay. Based on our results, the augmentation of percutaneous SI-screw osteosynthesis
cannot be considered to be experimental with uncertain benefit anymore.
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Abstract: Introduction: Traumatic cervical artery dissections are associated with high mortality
and morbidity in severely injured patients. After finding even higher incidences than reported
before, we decided to incorporate a dedicated head-and-neck computed tomography angiogram
(CT-A) in our imaging routine for patients who have been obviously severely injured or, according
to trauma mechanism, are suspected to be severely injured. Materials and Methods: A total of 134
consecutive trauma patients with an ISS ≥ 16 admitted to our level I trauma center during an 18
month period were included. All underwent standardized whole-body CT in a 256-detector row
scanner with a dedicated head-and-neck CT-A realized as single-bolus split-scan routine. Incidence,
mortality, patient and trauma characteristics, and concomitant injuries were recorded and analyzed
in patients with carotid artery dissection (CAD) and vertebral artery dissection (VAD). Results: Of
the 134 patients included, 7 patients had at least one cervical artery dissection (CeAD; 5.2%; 95%
CI 1.5–9.0%). Six patients (85.7%) had carotid artery dissections, with one patient having a CAD of
both sides and one patient having a CAD and contralateral VAD combined. Two patients (28.6%)
showed a VAD. Overall mortality was 14.3%, neurologic morbidity was 28.6%. None of the patients
showed any attributable neurologic symptoms on admission. The new scanning protocol led to
further 5 patients with suspected CeAD during the study period, all ruled out by additional magnetic
resonance imaging with angiogram (MRI/MR-A). Conclusion: A lack of specific neurologic symptoms
on admission urges the need for a dedicated imaging pathway for severely injured patients, reliable
for the detection of cervical artery dissections. Although our modified CT protocol with mandatory
dedicated CT-A led to false positives requiring additional magnetic resonance imaging, it likely
helped reduce possible therapeutic delays.

Keywords: cervical artery dissection; vertebral artery; carotid artery; polytrauma; severely injured;
computed tomography

1. Introduction

Overlooked injuries in severely injured patients are feared complications in the acute care of
patients. Euler et al. were able to show that in 25% of cases at least one diagnosis remains undiscovered
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in severely injured patients [1]. With a mortality rate of up to 33% and a neurological morbidity
rate of up to 38%, traumatic carotid artery dissections and vertebral artery dissections are serious
injuries in complex and severely injured patients [2–4]. The majority of these diseases remain initially
asymptomatic, which might lead to a missed diagnosis [3,4] and avoidable delays in therapy such as
anticoagulation, surgery, or endovascular treatment by thrombectomy or stenting. Traumatic cervical
vessel dissections may result from rapid movement, both acceleration and deceleration, of the head in
relation to the neck in any axis or blunt trauma.

In the daily routine, a contrast-enhanced multidetector computed tomography (CT) of the head,
neck, thorax, abdomen, and pelvis according to the S3 guideline is used in severely and multiply
injured patients and offers a demonstrable survival advantage [5], even when the mean injury severity
score (ISS) was greater than that in patients without standardized imaging.

However, there are no specific guidelines on how to identify vascular injuries in the neck area as
accurately as possible. In the current S3 guidline for the care of severely injured patients, for example,
only vague recommendations for head-and-neck injuries are made [6]. Even highly experienced trauma
surgeons, based on case history and clinical examination, miss ~50% of blunt injuries, stressing the
need for standardized protocols and algorithms for imaging in trauma patients [7]. As a consequence,
especially for head-and-neck injuries, more liberal screening criteria are discussed [8,9]. Technically,
the diagnosis is challenging because characteristic imaging features can be difficult to detect because
of the small size of intracranial and cervical arteries. Thus, multimodal imaging is often needed to
safely confirm the diagnosis. Other than computed tomography angiogram (CT-A) and magnetic
resonance angiography (MR-A) as the most widely used modalities for the detection of cervical artery
pathologies, DSA (digital subtraction angiography) is considered the gold standard but is the most
invasive option, requiring femoral arterial access and catheter placement in the cervical vessels, which
is associated with a risk of hemorrhage and stroke. Ultrasound is the most inexpensive modality and
can be performed at the bedside, but its diagnostic accuracy highly depends on the knowledge and
experience of the user.

In single-bolus contrast-enhanced whole-body CT scans, traumatic lesions of the carotid and
vertebral arteries often go unrecognized because of the low arterial contrast and contrast-enhanced
parallel veins and soft tissues. Beam hardening artifacts at the skull base further worsen the detectability
of such lesions, which mostly are discreet. If suspicion is raised, further diagnostic work-up is needed
fast, causing additional radiation and contrast-agent dose in case of a CT-angiogram (CT-A) and time,
cost, and delay in therapy of concomitant injuries. There is no widely accepted standard for addressing
this dilemma in between overdiagnostics firsthand or missed diagnosis and stepped-up diagnostics
later on. As a first step, the implementation of a non-dedicated angiogram revealed incidences of 6.5%
for cervical artery dissection (CeAD), which were above reported values of 1.7% and 4.9% [8,10].

We thus decided that any patient qualified for a standard trauma CT scan, who has either been
obviously severely injured or, according to trauma mechanism, is suspected to be severely injured,
will receive a dedicated head-and-neck CT-A in between the non-contrast-enhanced brain scan and
the delayed phase whole-body scan. As any injury to the head-and-neck region, especially vessel
injuries such as carotid (CAD) or vertebral artery dissections (VAD), is of highest relevance for
mortality, morbidity, and immediate therapeutic decisions, we accepted the additional radiation and
contrast-agent trade-off based on an interdisciplinary consensus in our trauma center; this decision is
in accordance with current recommendations of the Deutsche Röntgengesellschaft (German Radiology
Society, [11]). After 18 months using the new single-bolus split-scan imaging approach, we here report
the first results from our level I trauma center.

2. Materials and Methods

For this study, all patients admitted to the emergency room of our level I trauma center requiring
a whole-body CT scan since November 2018 with an ISS ≥ 16 after complete diagnostic work-up were
included. The decision for the CT scan is based upon the trauma mechanism and assumptions of its
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severity, e.g., based on estimated driving speed in car accidents, ejection from vehicle, falling from a great
height (>3 m), burial trauma, death of co-driver, the observable injuries and circulation parameters in
the emergency room, patient’s age, and assumed frailty, in accordance with national recommendations
and guidelines as cited above. The decision is made by the leading trauma surgeon and radiologist
on duty as a consensus. In November 2018, the whole-body CT scanning protocol was modified
to a single-bolus split-scan approach including a dedicated contrast-enhanced head-and-neck CT-A
triggered in the Aorta ascendens. The aim of this modification was to further optimize the detection
rate of cervical artery dissections as we already had a non-dedicated head-and-neck angiogram as a
mandatory component of our scanning protocol [4] with fixed-delay scanning.

The independent Ethics Committee at the Regensburg University confirmed that, for this specific
scientific project, no dedicated ethics approval or commission’s opinion was necessary according to
our applicable laws and guidelines. The consultation was filed under no. 20-1914-104.

2.1. CT Scan Protocol

All patients were examined using a 2 × 128-detector row dual-energy scanner (SOMATOM
Definition Flash; Siemens Healthcare GmbH, Erlangen, Germany), fulfilling the requirements stated in
the national S3 guideline “Polytrauma/Schwerverletzten—Behandlung” [6].

First, a non-contrast-enhanced scan of the neurocranium was acquired in 0.75 mm slices
(360 mAs, 120 kV, pitch 0.55, increment 0.75 mm, and field of view 230 mm). The second scan
is the contrast-enhanced head-and-neck CT-A, triggered in the A. ascendens. It reaches from the aortic
arch covering the outlets of the supra-aortic branches up to the vertex. The volume and concentration
of the contrast agent used (Accupaque 350, GE Healthcare Europe GmbH, Freiburg, Germany) were
standardized to a total of 120 mL, with 12 injected for the head-and-neck CT-A. The contrast agent
injection was followed by a flush with 20 mL of saline, both contrast agent and saline flush were
injected with rates of 3.5 mL/s. ECG-gating is not routinely used in our protocol. The third scan was a
venous phase delayed scan, covering the thorax, abdomen, pelvis, and upper half of the thigh; in select
cases, the scan length was modified to cover the knees. It was scanned with a fixed delay of 30 s after
the CT-A. The standard field of view was 500 mm, the slice thickness was 5.0 mm, the increment was
5.0 mm, the pitch was 0.60, kV and mAs were calculated and set automatically (CARE kV and CARE
Dose; Siemens Healthcare GmbH) based on the scan topogram. A soft-tissue kernel with medium edge
attenuation (B26f medium) was used for the calculation of axial, coronal, and sagittal views of the head
and neck. Additional thick-slab axial maximal intensity projection (MIP) was rendered (10 mm) axial,
sagittal, and coronal. Additional reconstructions were rendered using a B60f kernel for lung tissue
(axial), a B60f sharp kernel for bones (axial and coronal, additional sagittal for spine), and a B30f kernel
for soft tissue (axial, additional coronal for abdomen). Further reconstructions were calculated on the
radiologists’ discretion depending on the findings or suspicions drawn from the standard datasets.

Image interpretation was performed using a standard three-monitor workstation using the Syngo
and Syngo.via picture archiving and communication system (PACS; Siemens Healthcare GmbH,
Erlangen, Germany). All imaging studies were read and validated by a board-certified radiologist.
Additional magnetic resonance angiography (MR-A) and/or ultrasound were performed if the diagnosis
of a cervical artery dissection remained unclear after the CT-A. Both MR-A and ultrasound were not
mandatory parts of our diagnostic routine in the time period covered in this study.

2.2. Statistical Analysis

For statistical calculations, analysis, and plotting, GraphPad Prism Version 5.00a for Mac (GraphPad
Software, Inc., La Jolla, CA, USA) and Microsoft Excel Version 16.38 (Microsoft Corporation, Redmond,
WA, USA) were used. Arising from the observational character of this study, mainly, descriptive statistics
was used. We did not calculate comparative statistics due to the small cohort size. Demographics
and injury severity were compared against the cohort of all severely injured patients recorded in our
database and/or the cohort of patients with CeAD before the most recent modification of our CT scan

55



J. Clin. Med. 2020, 9, 2568

protocol, as reported before [4]. We calculated the confidence interval for proportions using a confidence
level of 0.95. For prevalence or incidence proportions, in addition to the normal approximation interval,
we calculated the Wilson score interval as it supports better results, especially for smaller samples and
for edge proportions near 0 or 1 as in our case using R (V4.0.2, R Project, Vienna, Austria).

3. Results

Since introduction of our new CT scan protocol, 134 severely injured patients with an ISS ≥ 16
underwent the standardized whole-body computed tomography including a dedicated head-and-neck
CT-A. Thereof, 7 patients were found with at least one cervical artery dissection (5.2%; 7/134). Six
patients (85.7%; 6/7) had carotid artery dissections, with one patient having a CAD of both sides, and
one patient having a CAD and contralateral VAD combined. Two patients (28.6%; 2/7) showed a VAD.
ISS and mean age as well as gender distribution were comparable to past time frames (Table 1).

Table 1. Cohort characteristics depending on the diagnostic approach for the detection of cervical
artery dissections (CeAD).

CeAD W/O Dedicated
Scan Protocol

CeAD W/Mandatory
Angiogram

CeAD W/Dedicated
CT-A

N (n) 53 of 1178 15 of 230 7 of 134
Rate of CeAD (%) 4.5 6.5 5.2

CI95 0.033; 0.057 0.033; 0.097 0.015; 0.090
Wilson score interval

(CI95) 0.035; 0.058 0.040; 0.110 0.026; 0.104

ISS (mean) 39 35 33
Age (mean) 48 51 48

Sex (m/f) 36/17 10/5 5/2

CI95 = 95% confidence interval; ISS = Injury Severity Score; CT-A = computed tomography angiogram.

Another five patients underwent additional MRI including MR-A after CT with CT-A, which did
not confirm a suspected cervical artery dissection. In 2 out of 7 cases with CT-A-diagnosed CeAD
reported here, MRI confirmed the diagnosis. In 5 cases, CT-A diagnosis required no further imaging
work-up. In all, 3 of 7 patients had an ultrasound of the extracranial vessels but none was able to
identify the dissection; two of them had an MR-A-confirmed diagnosis of CeAD.

On admission, none of the patients showed any neurologic symptoms attributable to a CeAD. Five
patients were put on anticoagulation (71.4%), two patients were not eligible for anticoagulation due to
either intracerebral hemorrhages or a severe distraction-flexion-type spinal fracture C4–7. Two patients
developed serious neurologic symptoms (aphasia, hemiparesis) due to carotid artery dissections,
yielding a morbidity of 28.6%. One patient died, yielding a mortality of 14.3%.

The trauma mechanism was a fall from large height in one case (14.3%) and traffic accidents in all
other cases (4 car accidents, 1 motor-scooter, 1 e-bike; 85.7%). Concomitant spinal fractures were found
in 4 cases (57.1%). One patient had a complex midface fracture reaching into the skull, one patient had
no fracture of the spine or thorax (Figure 1). Three patients had fractures of upper third ribs (42.9%).
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Figure 1. Dissection of the left internal carotid artery (ICA) with severe neurologic sequelae. (A)
Axial computed tomography angiogram (CT-A) of the skull base shows no contrast agent in the ICA
within the foramen carotideum on the left (black arrow). (B) Same-day magnetic resonance imaging
(MRI) (diffusion weighted imaging (DWI), b800) shows ipsilateral infarction of the anterior and middle
cerebral artery territories.

4. Discussion

In severely injured patients, rates of cervical artery dissections are reported to be as low as
0.9% based on ultrasound [12] and said to occur in around 1% of patients with blunt trauma [13].
Recently, we found a six-fold higher rate of 6.5% in our level I trauma center population by making
a head-and-neck angiogram a mandatory component in the CT scan protocol for severely injured
patients admitted to the emergency room [4]. This led to the idea, that further optimization of our scan
protocol could yield even higher rates of cervical artery dissections and lower rates of non-diagnosed
cases of cervical artery dissection, as a relevant proportion never shows any neurologic symptoms
but is at risk for severe sequelae firsthand. We thus switched our scan protocol to a single-bolus
split-scan scheme, which enabled integrating a dedicated head-and-neck CT-A into our diagnostic
routine. Moreover, 18 months after implementing the new protocol into daily routine of care, we now
can report a rate of 5.2%, which is lower than the 6.5% reported before, but higher than the 4.5% from
the time we did not use a scanning protocol optimized for the detection of cervical artery dissections
and still five-fold the value estimated overall for blunt traumata [13]. At the same time, we had 7 cases
with an additional MRI/MR-A; five in patients with suspected dissection based on the CT-A, which all
were negative; two in patients with a certain diagnosis of cervical artery dissection after CT-A with the
primary intent of revealing the cerebral and cerebellar ischemic impacts.

Different conclusions can be drawn from the observations made: first, the true rate of cervical
artery dissections in severely injured patients is likely to be in between our reported values of 6.5 and
5.2% in our trauma center and seems to vary rather widely within different populations as reported
from different trauma centers worldwide; the Wilson score interval, which is a variant of the normal
approximation 95% confidence interval more suitable for small sample sizes and edge proportions
near 0 as in our case, yields a 95% CI range between 2.6% and 10.4% for CeAD in this cohort.

Second, dedicated CT-A did not lead to more dissections revealed in our cohort but did elicit
uncertain or suspicious cases requiring additional imaging (Figure 2).
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Figure 2. False-positive CT-A raising suspicion for an intramural hematoma of the left internal carotid
artery (ICA) in its petrosal segment. (A) Axial CT-A of the skull base shows caliber asymmetry of the
left ICA in the foramen carotideum (white arrow). (B) MR (proton-density fat saturated) rules out a
wall hematoma. Asymmetry is presumably caused by the carotid plexus of nerves and sympathetics
from the superior cervical ganglion (white arrow). MR, magnetic resonance.

Third, the most powerful predictor for cervical artery dissections seems to be any kind of high
kinetic trauma mechanism, especially traffic accidents including cars, motorcycles/-scooters, bikes, and
e-bikes, which is also true for aortic arch injuries due to a “whiplash”-type motion of fast deceleration
and re-acceleration [14,15]. Some fractures should raise high suspicion toward cervical artery injuries,
such as fractures of the cervical spine, skull base and/or complex midface fractures, or upper third rib
(costae 1–4) fractures. Nonetheless, devastating dissections without an accompanying fracture are
possible (Figure 1).

Fourth, large multicenter or registry-based studies are required to accurately assess cervical artery
dissection risk factors, outcomes, and characteristics, as it will remain a low-incidence injury and rates
between 1% [13] and 6.5% [4] are reported repeatedly.

Fifth, multimodal work-up of suspicious cases is highly relevant as with a dedicated head-and-neck
CT-A a tendency toward false positives can be seen. With ultrasound, which often is used as the
first add-on diagnostic due to fast availability and low cost, false negatives are very likely [12], being
unable to safely rule out any CeAD and, as in our cases reported here, not being able to confirm CeAD
either. Influence of dedicated training of ultrasound examiners or compulsory use of state-of-the-art
techniques such as b-flow or contrast-enhanced ultrasound should be elaborated.

Despite the low incidence, the diagnosis of any artery dissection has to be made fast due to
the severe consequences from any therapeutic delay, especially in cervical vessels as central nervous
ischemia or embolization can lead to devastating and irreversible neurologic sequelae. In a population
aged 45 and younger, 20% of ischemic strokes are due to traumatic and non-traumatic CeAD [12].
Moreover, blunt carotid injury has been associated with a higher stroke rate in general (up to 60%) and
mortality rate (19–43%) [16]. In cases of cervical artery dissections, besides open surgery, recanalization
via flow diverting or covered stenting of the carotid artery can be an option [17,18], with successful
cases reported even for the vertebral arteries [19]. Anticoagulation should be established to prevent
thrombus formation and embolization. However, in patients with ISS 16 and above, the majority show
fractures, bleedings, or abdominal organ lacerations, which might stand in contradiction to systemic
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anticoagulation [20]. In these cases, an individual interdisciplinary treatment regime needs to be
defined balancing possible benefits and risks. Crönlein et al. mentioned accordingly that there is no
specific guideline for diagnosis and treatment established when it comes to severely injured patients,
which is applicable to our patient collective [21]. Current recommendations from the German society
for radiology suggest implementing differentiated scanning protocols, adjusted for dose and/or time;
both include a cervical CT-A [11] despite the lack of larger trials or investigations addressing the topic
of imaging optimization in the care of severely injured patients.

Injuries of the carotid or vertebral artery are reportedly associated with both high mortality rates
and neurological morbidity rates, as again seen in the cohort reported here. In severely injured patients,
diagnoses and decisions only based on history and clinical examination are prone to error with missed
injuries in up to 47%. As none of the patients with CeAD in this population showed symptoms hinting
specifically at a cervical vessel injury on admission, these diagnoses most likely would have gone
unrecognized until the development of neurologic symptoms. Interestingly, a significant number of
(66–73%) patients with blunt carotid injury may be asymptomatic upon initial presentation, developing
delayed neurologic symptoms anywhere from 1 h to 7 days after injury. The onset of ischemic events
can range from a few minutes to 31 days after injury, with the majority (82%) occurring within the first
7 days [9,22].

This delay in therapy needs to be avoided under all circumstances as secondary worsening or
complications such as cerebral embolization could be prevented. Occlusive CeAD, multiple CeAD, and
vertebral artery dissections result in an increased risk for delayed stroke, as reported by Lichy et al. [23].

Comparing the rates reported here with larger studies, our values are above those of others,
possibly resembling missed injuries due to non-specific imaging protocols. Nevertheless, our values
are lower than those reported from clinically preselected cohorts and our own past cohort. As a
comparison, Lee et al. report an average annual incidence rate for CeAD of any cause of 2.6 per 100,000
population (95% CI, 1.86 to 3.33) [24]. Major trauma has an estimated incidence rate of 22.5 per 100,000
population in Germany [25], which leads us to an estimated incidence rate of 1.2 per 100,000 population
(95% CI, 0.33 to 2.02) for CeAD in severely injured patients assuming our latest rate of 5.2%.

Limitations

As cervical artery dissections are highly relevant for the severely injured individual admitted
to any emergency room, we wanted to report here the first results from our modifications of our
diagnostic routine with the intent to nurture further discussions on the best diagnosis and treatment
regimes in these uncommon but regularly to be seen cases. Thus, some relevant limitations are inherent
to our study design.

First, as a single-center study reporting from an 18 month period, only few cases could be found
and included. This needs to be addressed by further multicenter or registry-based examinations.
As a direct consequence, we decided to report descriptive statistics and to not include comparative
statistics, as this could tempt readers to draw conclusions that are not backed by sufficient data
as this is a preliminary report. Second, in our level I trauma center, severely injured patients are
admitted at a rate above the nationwide average in both severity and frequency, due to geographic and
strategic reasons within the local emergency medicine services. Considering this, other hospitals will
likely find lower or even higher incidences of CeAD in their population. Third, the true incidence of
cervical artery dissections still remains unknown; no case showed neurologic symptoms on admission,
some dissections remain clinically inapparent (3 out of 7 in this study), and a definite multimodality
diagnostic work-up for suspected cases or even all severely injured patients is not yet established. In
consequence, further studies should address the question of true incidence of CeAD by multimodality
work-up including MR-A. However, capped capacities for additional MR-A work-up especially in
smaller hospitals is another limitation that needs to be considered in setting up a diagnostic pathway
for severely injured individuals.
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The sensitivity (64–100%), specificity (67–100%), positive predictive value (65–100%), and negative
predictive value (70–100%) of CT-A for the detection of CeAD compared with those of DSA vary widely
with later studies indicating values close to those of DSA due to essential technical improvements
made in the last few years [26,27]. MR-A has a sensitivity of 50–100%, specificity of 29–100%, positive
predictive value of 43–100%, and negative predictive value of 89% compared to those of DSA [28];
especially for the smaller vertebral arteries, MRI yields diagnostic accuracy below that of CT-A because
of the limited spatial resolution in many MRI/MR-A protocols. With modern scanners, the highest
spatial resolution of MRI is at the same level as that of CT. Limited availability and long duration of
the image acquisition in combination with physical restrictions (metal implants, narrow gantry) still
makes MRI/MR-A not an option for first-line diagnostics in cases of suspected traumatic CeAD, as it is
recommended as an initial test in non-trauma cases by the American Stroke Association (ASA) and
American College of Radiology (ACR) [29].

One key finding of the results reported here is the need for a diagnostic routine in severely injured
patients that is able to reliably detect cervical artery injuries, as none of the patients covered in the recent
18 month period showed symptoms on admission. Whenever possible, we put patients with CeAD on
anticoagulation based on a case-by-case interdisciplinary consensus. Whether the low morbidity and
mortality in comparison to cohorts reported before can be attributed to our imaging pathway cannot
be answered from this study reasonably due to the limitations discussed before. As a first measure,
any suspected case of cervical artery dissection should be ruled out by MRI/MR-A and/or qualified
ultrasound within a defined and short timeframe (e.g., 2 h) based on the high mortality and morbidity
risk in un- or delayed diagnosed cervical artery dissections.

5. Conclusions

Modification of the trauma imaging routine to include a dedicated head-and-neck CT-A realized
as a single-bolus split-scan protocol showed an incidence of 5.2% for cervical artery dissections after
the first 18 months under operation, which is slightly below values reported before, as are both
mortality (14.3%) and morbidity (28.6%) in this cohort. We repeatedly encountered false-positive
findings requiring further diagnostic work-up with MR-A. Ultrasound did not help substantially to
make or rule out the diagnosis of CeAD in our setting. Further studies will need to address the value
of multimodality diagnostics and the role of state-of-the-art ultrasound techniques for extra- and
intracranial vessel diagnostics. As none of the detected cases of cervical artery dissections showed
neurologic symptoms on admission, a reliable, fast, and multimodal imaging pathway for the detection
of cervical artery dissections in severely injured patients is of utmost importance in trauma centers of
any size to avoid any therapeutic delay.
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Abstract: Background: Due to an aging society, more and more surgeons are confronted with fragility
fractures of the pelvis (FFPs). The aim of treatment of such patients should be the quickest possible
mobilization with full weight-bearing. Up to now however, there are no data on loading of the lower
extremities in patients suffering FFPs. We hypothesized to find differences in loading of the lower
limbs. Methods: 22 patients with a mean age of 84.1 years were included. During gait analysis
with insole-force sensors, loading on the lower extremities was recorded during early mobilization
after index fracture. Results: Especially the average peak force showed differences in loading, as
the affected limb was loaded significantly less {59.78% (SD ± 16.15%) of the bodyweight vs. 73.22%
(SD ± 14.84%) (p = <0.001, effect size r = 0.58)}. Furthermore, differences in loading in between the
fracture patterns of FFPs were observed. Conclusion: This study shows that it is possible to reliably
detect the extremity load, with the help of an insole device, in patients presenting with fragility
fractures of the pelvis. There is great potential to improve the choice and time of treatment with
insole-force sensors in FFPs in future.

Keywords: pelvic fracture; fragility fractures; pelvic ring; pelvic ring fracture; insole-force sensors;
weight-bearing; geriatric fracture

1. Introduction

Fragility fractures of the pelvis (FFP) are one of the challenges in geriatric traumatology.
The incidence of pelvic fragility fractures is steadily increasing, especially in the age group over
80 years [1]. In contrast to pelvic fractures of younger adults, which are usually caused by high-energy
trauma such as severe road accidents, pelvic fragility fractures are caused by low-energy trauma,
for instance a domestic fall. This can be primarily explained by reduced bone density and limited
ligamentous stability in elderly patients [2]. There are two problems with the care of fragility fractures
of the pelvis in older patients: first, the treatment of pelvic fractures is generally very demanding,
even for experienced surgeons. This is made more difficult by reduced bone quality in the elderly.
Secondly, older patients frequently present with various comorbidities, polypharmacy and muscle
atrophy (sarcopenia), which aggravates frailty [3,4]. In these patients immobilization is a severe threat,
as prolonged bedrest is associated with poor function at 2 months, and worsened survival at 6 months
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in elderly trauma patients [5]. Accordingly, the goal in diagnosing and treating these patients must be
to make a decision as quickly as possible regarding surgery or conservative therapy, so that they can be
mobilized and return to their daily activity with compensated pain status. This means that significant
complications such as pneumonia, thrombosis and further muscle loss can be avoided during hospital
stay and after discharge [6].

Differentiation of the fragility fractures of the pelvis can be made using the FFP classification
by Rommens et al. [7–9]. Type FFP1 fractures are stable fractures that only affect the anterior pelvic
ring. Type FFP2 are characterized by undisplaced fractures of the posterior pelvic ring, with type
FFP3 showing displaced fractures on the posterior pelvic ring. In type FFP2 and FFP3, the anterior
pelvic ring is usually also affected. Type FFP4 fractures are bilateral dislocated posterior pelvic ring
fractures [8].

Diagnosing fragility fractures of the pelvis is difficult and in many cases the patients complain
about pain, especially during movement [7]. Often there is no history of falls or trauma, or the patient
cannot remember it due to dementia or cognitive impairment and the correct diagnosis might be
delayed by this.

The pelvic CT scan is the work horse in diagnosing FFP, as it commonly shows the bony structures
and cortical fracture lines which are often overseen in conventional radiographs [10]. Still MRI has
great advantages as it can visualize bone marrow alterations such as edema or bone bruise. With 100%
sensitivity for bone marrow alterations the MRI is proven to be the gold standard over conventional
CT with 65–75% of sensitivity [11,12]. In daily clinical routine CT scans are usually ordered first and
MRI is only performed when pain persists during mobilization.

A relatively new approach for diagnosing bone marrow edema in FFPs are dual-energy CT scans.
Palm et al. describe in a recently published study that dual-energy CT scans are on par with MRI for
sensitivity and specificity in diagnosing fragility fractures of the pelvis [13].

According to Rommens’ recommendation, FFP1 fractures should be treated primarily with a
conservative approach. In principle, FFP2 fractures are also treated without surgery, while surgery
is only recommended if there is no pain compensation and sufficient mobilization within one week.
Surgical intervention is frequently recommended for type FFP3 and FFP4 fractures [8].

In cases in which it remains unclear which choice of treatment is best, and as an attempt to monitor
mobilization outcomes in FFP patients, the use of new biosensor recorders to assess the ability of
load-bearing can be beneficial. Thus, wearable insoles offer a novel and unique technology to gather
metrics of gait in a potentially more clinically relevant way [14,15]. Wearable insoles have been used in
different situations, such as aftercare of hip fracture patients [16,17] to measure weight-bearing and
collect gait analysis data in elderly patients.

The purpose of this study was to evaluate the ability of a wearable insole sensor device to measure
gait parameters in geriatric patients with FFPs. Further we sought to determine if the device was
suitable and sensitive enough to identify potential subtle changes between the measures of different
fracture patterns and treatment approaches.

2. Materials and Methods

2.1. Study Design and Participants

After receiving approval from the ethics committee (Ethikkommission bei der LMU München
Ref.-No.: 19–292), a prospective observational trial was conducted to evaluate if it was possible to
measure a difference between the fractured limb and the unaffected limb in patients that had suffered a
fragility fracture of the pelvis. Patients seen for an FFP were considered for the study. Inclusion criteria
were FFP I-IV, age > 70 years and a signed written consent. All subjects gave their informed consent
for inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki.
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Those patients with a Minimal Mental State Exam (MMSE) lower than 27 were excluded in the
present preliminary study approach in order to validate feasibility of the novel gait analysis approach
for FFPs and to reduce differences in loading triggered by cognitive impairment and gait balance
disorders. Immobility prior to the fracture or an additional fracture, even of the upper extremity,
was an exclusion criterion. After the informed consent form was signed, the patients completed gait
analysis using the Loadsol insole sensor device by Novel (Munich, Germany). Insole sensors were
fitted into the shoe of each participant according to their appropriate shoe size (Figure 1). All sensors
communicated via Bluetooth with an iPad (Apple, Inc., Cupertino, CA, USA). The decision to operate
or not was made by three experienced consultants and the geriatrician in charge. For the operative
patients, the measurement was done between 4–7 days post-operative. Standardized pain medication
regimen according to WHO treatment guidelines was used for all patients. During gait analysis no
local pain catheter was in use. Those patients who received conservative treatment for their fractures
performed analysis 4–7 days after diagnosis. All patients were allowed the walking aid of their choice
during measurement.

Figure 1. Setup of the Loadsol® insole sensor device.

2.2. Insole-Force Sensors

Loadsol® by Novel, was used in this study and has been shown to be a valid and reliable tool
for wireless plantar force measurement in hopping, walking, and running [18]. Several studies were
able to prove very similar results concerning the measurement with Loadsol® compared to force
plates [19,20].

The distance for the measurement was fixed at 40 m for all participants. Some of the FFP patients
were not able to walk the whole distance due to persistent pain, in these patients the average loading
was recorded on a walking distances as much as tolerated. The measurement included starting from a
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chair, level walking the distance, turning, and returning to the chair. Peak force, average loading rate
and step count were measured and recorded for each foot separately (Figure 2). The insole devices
are designed to cover the entire plantar surface of the foot and record the plantar force up to 200 Hz
(Figure 3).

Figure 2. Comprehensive classification of fragility fractures of the pelvis according to Rommens and
Hofmann [7]. Figure 1 is adapted from Ueda, Y. et al. [9] with permission from Springer Nature, 2020.
FFP type I: anterior injury only. FFP type II: non-displaced posterior injury. FFP type III: displaced
unilateral posterior injury. FFP type IV: displaced bilateral posterior injury.

Figure 3. Displays the load in newton of the fractured side (blue graph) and the contralateral healthy
side (red graph). Time in minutes is shown on the x-axis, while the y-axis represents force in newton.
In this excerpt, 8 exemplary gait cycles are depicted.
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The max peak force is the main outcome in this gait analysis. Percent peak force is the percentage
of the peak force of the affected side compared to the total body weight in Newtons. The percent
load rate is measured as the percentage of the loading rate (N/s) of the affected side compared to the
unaffected side. Percent load rate is measured as the percentage of the loading rate (N/s) of the affected
side compared to the unaffected side. The loading rate of the feet was measured in Newtons per
seconds. The loading rate is calculated as

LR =
(F80− F20)
(t80− t20)

(1)

where F20 and t20 are the Force in Newton (N) and time in second (s), measured when the force is at
20% of the heel impact peak. F80 and t80 are subsequently the force in Newton and time in seconds
when the force is at 80% of the heel impact peak. An 11-point pain scale (0–10) was used to assess pain
while walking and pain while resting. Additionally, the parker mobility score (PMS) and Barthel Index
(BI) were collected from each patient.

2.3. Statistical Analysis

To check all data for normal distribution in advance of the analysis, the Shapiro–Wilk-Test was
performed. Depending on the result of this test, either the Mann-Whitney-U-Test or the t-Test was used
to identify significant differences between groups. When comparing FFP I and FFP IV patients the
Mann-Whitney-U-Test was used for the percent avg. peak force and the t-Test was used for the percent
max. peak force. Furthermore, the Wilcoxon rank sum test was performed to analyze the differences
in the percent avg. peak force and the percent max. peak force comparing the fractured and the
contralateral limb of each patient. To calculate the effect size of this test, the formula r= Z√n (Z=Z-Score,
n = sample size) was used. The level of significance was set at p < 0.05. Patient characteristics were
acquired using descriptive statistics.

Graphs and statistical analysis were calculated with IBM SPSS Statistics Version 25 (IBM Germany
GmbH, Ehningen, Germany).

3. Results

Overall, 22 consecutive FFP patients were included within the trial with a mean age of 84.09 years
(SD ± 5.98, range 73–95 years). 90.9% of the patients were female (20 female/2 male) with an overall
mean weight of 58.66 kg (SD ± 8.04 kg), a mean BMI of 22.45 kg/m2 (SD ± 3.35 kg/m2) and a mean ASA
Score of 2.68 (SD ± 0.65) (Table 1).

Table 1. Population Characteristics.

Characteristic Mean ± SD

Age 84.09 ± 5.98
Female sex, n (%) 20 (90.9)

Weight (kg) 58.66 ± 8.04
BMI (kg/m2) 22.45 ± 3.35
ASA Score 2.68 ± 0.65

The fractures presented were classified according to the FFP classification with the following
distribution: FFP I (n = 3, 13.6%), FFP II (n = 13, 59.1%), FFP III (n = 1, 4.5%) and FFP IV (n = 5, 22.7%).
For an easier understanding of the results we pooled the FFP subtypes together in their main groups.
Of all patients included, a total of n = 13 patients were treated conservatively (59.1%) over n = 9 patients
with an operative treatment (40.9%) (Table 2).
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Table 2. FFP Classification and Treatment.

FFP Type n (%)

FFP I 3 (13.6)
FFP II 13 (59.1)
FFP III 1 (4.5)
FFP IV 5 (22.7)

Treatment

Surgery 13 (59.1)
Conservative 9 (40.9)

The first set of analyses investigated whether we could find a difference in weight-bearing between
the fractured side and the contralateral unaffected side. As seen in the percent Avg. Pf., the patients
loaded the limb ipsilateral to the fractured side of the pelvis significantly less, with a mean of 59.78%
(SD ± 16.15%) of the bodyweight in comparison to the contralateral limb with 73.22% (SD ± 14.84%) of
the bodyweight (p = <0.001, effect size r = 0.58). A comparison of the percent Max. Pf. showed that the
patients put a significantly lower maximum load on the affected limb with 75.10% (SD ± 13.64%) of
the bodyweight, as opposed to the contralateral limb with 87.77% (SD ± 13.80%) of the bodyweight
(p = <0.001, effect size r = 0.50) (Table 3).

Table 3. Comparison fractured vs. contralateral limb: gait analysis.

Parameter Limb Mean ± SD p-Value r—Effect Size

Avg. Pf. (% of
bodyweight)

Fractured 59.78 ± 16.15
<0.001 0.58

Contralateral 73.22 ± 14.84

Max. Pf. (% of
bodyweight)

Fractured 75.10 ± 13.64
<0.001 0.50

Contralateral 87.77 ± 13.80

A descriptive analysis of the gait parameters collected for each group of the FFP fracture types
showed that the patients of each group loaded their affected side differently.

In view of the percent Avg. Pf. the patients with an FFP type I fracture loaded the affected
side with 84.89% of the bodyweight (SD ± 23.14%), FFP type II patients reached a mean of 56.18%
(SD ± 13.26%), 54.09% were measured for the FFP type III patient and 55.21% (SD ± 5.01%) in the FFP
type IV group. Moreover, the percent Max. Pf. showed differences between the FFP groups examined
(FFP I: 96.62% ± 21.99%, FFP II: 73.52% ± 8.80%, FFP III: 63.15% and FFP IV: 68.55% ± 7.59%). However,
no such clear tendency can be seen in the percent Loading Rate (FFP I: 79.18% ± 63.94% vs. FFP II:
65.46% ± 23.24% vs. FFP III: 75.30% vs. FFP IV: 67.78% ± 19.43%), especially comparing FFP II and IV
(Table 4).

Table 4. Overall gait analysis.

Parameter FFP I FFP II FFP III FFP IV

Avg. Pf. (% of bodyweight) 84.89 ± 23.14 56.18 ± 12.26 54.09 55.21 ± 5.01

Max. Pf. (% of bodyweight) 96.62 ± 21.99 73.52 ± 8.80 63.15 68.55 ± 7.59

Percent Loading Rate (%) 79.18 ± 63.94 65.46 ± 23.24 75.30 67.78 ± 19.43

Concerning ASA score, Barthel Index and Parker Mobility Score there was no deterioration
detectable with regards to an increasing FFP type (Table 5).
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Table 5. Subgroup Characteristics.

Score FFP I FFP II FFP III FFP IV

ASA 2.67 ± 1.16 2.62 ± 1.64 3 2.80 ± 0.84

BI 65.00 ± 27.84 49.23 ± 13.20 75 67.00 ± 10.37

PMS 3.33 ± 1.16 2.23 ± 1.64 3 2.40 ± 1.14

Drawn from the descriptive analysis above, another promising finding was that the patients with
a low grade FFP I fracture put a significantly higher load on their affected limb than the patients
with a high grade FFP IV fracture. The percent Avg. Pf. in the FFP I group had a mean of 84.89%
(SD ± 23.14%) in contrast to a mean percent Avg. Pf. of 55.21% (SD ± 5.01%) in the FFP IV group
(p = 0.036). Furthermore, there was a significant difference in the percent Max. Pf. between both
groups with a mean of 96.62% (SD ± 21.99%) in the FFP I group, versus a mean of 68.55% (SD ± 7.59%)
in the FFP IV group (p = 0.035) (Table 6).

Table 6. FFP I vs. FFP IV.

Parameter FFP I FFP IV p-Value

Avg. Pf. (% of bodyweight) 84.89 ± 23.14 55.21 ± 5.01 0.036

Max. Pf. (% of bodyweight) 96.62 ± 21.99 68.55 ± 7.59 0.035

Beyond this finding, a comparison of the FFP I group, with fractures limited to the anterior pelvic
ring, and the remaining groups FFP II-IV, with an obligate involvement of the posterior pelvic ring,
resulted in a significant difference. Again, patients with a low grade FFP I fracture put a higher load on
the affected limb than patients with a more severe FFP II-IV fracture. This was detectable in both the
Avg. Pf. (FFP I: 84.89% ± 23.14% vs. FFP II-IV: 55.93% ± 11.11%, p = 0.002) and the Max. Pf. (FFP I:
96.62% ± 21.99% vs. FFP II-IV: 71.66% ± 8.58%, p = <0.001) (Table 7).

Table 7. FFP I vs. FFP II-IV.

Parameter FFP I FFP II-IV p-Value

Avg. Pf. (% of bodyweight) 84.89 ± 23.14 55.93 ± 11.11 0.002

Max. Pf. (% of bodyweight) 96.62 ± 21.99 71.66 ± 8.58 <0.001

4. Discussion

The results of this study show that a wearable insole-force sensor was sensitive enough to detect
differences in load-bearing between the affected and contralateral side, in patients that suffer a fragility
fracture of the pelvis (FFP). In this analysis of FFP patients, the average peak force was the most
sensitive gait parameter to detect differences in gait. This gait parameter is easy to understand, as it is
the force between foot and shoe, which is measured in newtons and can be detected with different
types of sensors [21]. The wearable insole device may prove to be a suitable technology to use in a
clinical setting, even if this preliminary data only gives an idea of what this system is capable of.

The first important finding is that we detected the fractured side correctly in 100 percent of the
patients. This is not as trivial as it sounds, considering that the clinical picture, radiological morphology
and stability range widely [22]. A FFP, which is often difficult to detect correctly with a conventional
X-ray [10] and therefore a more sensitive CT Scan is often recommended, can be detected correctly with
an insole device. Although classification of FFPs and therapy recommendations have been proven,
classification of FFP subtypes involving a complete non-displaced or displaced sacral fracture showed
relatively poor inter-/intraobserver reliability which limits the usefulness of the FFP classification for
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both clinical and research purposes [23]. Thus, the present findings give an idea of how sensitive
load-bearing detection and the clinical measurement of load can be used as a clinical tool.

It is likely that these fractures cause pain due to micro movements in the fracture zone, and
therefore the patients try to reduce loading the fractured side. This goes along with the anatomical
description of the FFP, where a higher FFP classification indicates a more unstable fracture type [24].
Referring to the fracture pattern and taking under consideration the degree of resulting instability,
a conservative or operative treatment is generally recommended.

The second main finding is that the fractured side is loaded significantly less. The average Peakforce
applied to the fractured side is significantly lower on the affected side than on the contralateral. Similar
findings were described in previous studies using load measuring insoles to detect the plantar force in
lower limb fractures [16,17,25]. To the best of our knowledge the present study is the first to investigate
the use of a mobile insole sensor in fragility fractures of the pelvis.

A sub-analysis of FFP1 to FFP4 shows another promising finding; the patients with FFP I fractures
put a significantly higher load on the fractured side than the patients with an FFP IV fracture. This
sub-analysis gives an insight on how the load-bearing between different grades of pelvic instability
are measurable with the insole sensor. Anterior versus posterior injuries also seem to have different
load-bearing patterns. This is in line with the classification of Rommens and Hofmann, as they assume
higher instability with higher fracture classification. In the present study patients suffering only
anterior fractures load significantly more weight on the fractured side than patients suffering from
combined anterior and posterior pelvic ring fractures.

The basic presumption is that early mobilization should be facilitated, and therefore a surgical
intervention might be needed in higher degree FFPs. On the other hand, the recommendation for FFP2
is to be reevaluated within 5–7 days after the fracture was diagnosed and if the patient is still not mobile,
surgery may be necessary. An insole sensor as a sensitive clinical tool might facilitate this process in
future. Cut off values which would lead to surgical intervention or allow for conservative treatment
cannot be determined in this comparatively small sample size. This will be of interest as the clinical
pathway to find the right treatment for a patient suffering from an FFP is still under construction.
Given the relative ease of measurement of parameters of gait, this could become a clinically usable
instrument in future.

Early mobilization under pain treatment is the primary therapy goal in FFP 1 and 2,
as geriatric trauma patients have a significantly increased mortality risk due to immobilization [5].
Thus, a multidisciplinary team of physiotherapists, geriatricians, nurses, and surgeons should conclude
therapy decision in patients suffering FFPs. The early decision whether a conservative or surgical
approach is needed, can be chosen through previous full mobilization and significantly reduces
complications [26]. This should include physiotherapy treatment under pain-dependent full load [2].

The therapy decision is currently based on an individual assessment of the mobility of the patient.
Physiotherapists and nurses who work closely with the patient can get very different impressions
regarding mobility. Therefore, a wearable load measuring device such as the Loadsol, could be used to
additionally measure the load applied to the fractured side.

This study is limited to early post-operative/post fracture time and the results cannot be
extrapolated beyond the first week at this time. However, as the first week of early mobilization is the
most important time frame, this is likely the best timing for the measurement, although a continuous
measurement over the first 6 weeks should be the goal [5]. Although gait analysis with an insole-force
sensor has proven its feasibility to provide additional insights in FFPs, the present study contains some
limitations. Furthermore, data of the present study remains preliminary while the sample size is still
small. Also patients with an MMSE < 27 were excluded from the present study although this remains
a condition frequently observed in elderly patients suffering from FFPs we aimed to reduce loading
differences triggered by cognitive impairment and gait balance disorders. Only one wearable insole
design was evaluated, and while the sensor used in this study shows a high validity and is easy to
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use [18–20,27], there are other products on the market (e.g., Mediologic, Tekscan, Pedar) that could
offer similar measurements, and may merit further study [21].

Future studies should also focus on how to find cut off values and how to differentiate between
unstable and stable fractures and choice of surgical treatment by load measuring devices.

5. Conclusions

The present study primarily proved feasibility of insole-force sensors that provide new treatment
insights in fragility fractures of the pelvis. Gait analysis detected the fractured side correctly in
100 percent of the patients, while the limb where the FFPs were located was loaded significantly less
compared to the healthy contralateral side. Furthermore, patients having suffered a low grade FFP I
put significantly higher load on the fractured side than patients presenting with an FFP IV fracture.
Additionally, differences in loading were observed when comparing fractures affecting the anterior
pelvic ring only, compared to combined anterior and posterior pelvic ring fractures. Although gait
analysis with an insole-force sensor has proven its feasibility to provide additional treatment insights in
FFPs, future studies should focus on how to find cut off values for conservative vs. surgical treatment
and how to differentiate between the choice of surgical treatment.
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Abstract: Introductio: Although management of severely injured patients in the Trauma Resuscitation
Unit (TRU) follows evidence-based guidelines, algorithms for treatment of the slightly injured are
limited. Methods: All trauma patients in a period of eight months in a Level I trauma center were
followed. Retrospective analysis was performed only in patients≥18 years with primary TRU admission,
Abbreviated Injury Scale (AIS) ≤ 1, Maximum Abbreviated Injury Scale (MAIS) ≤ 1 and Injury Severity
Score (ISS) ≤3 after treatment completion and ≥24 h monitoring in the units. Cochran’s Q-test was
used for the statistical evaluation of AIS and ISS changes in units. Results: One hundred and twelve
patients were enrolled in the study. Twenty-one patients (18.75%) reported new complaints after
treatment completion in the TRU. AIS rose from the Intermediate Care Unit (IMC) to Normal Care
Unit (NCU) 6.2% and ISS 6.9%. MAIS did not increase >2, and no intervention was necessary for
any patient. No correlation was found between computed tomography (CT) diagnostics in TRU and
AIS change. Conclusions: The data suggest that AIS, MAIS and ISS did not increase significantly in
patients without a severe injury during inpatient treatment, regardless of the type of CT diagnostics
performed in the TRU, suggesting that monitoring of these patients may be unnecessary.

Keywords: trauma resuscitation unit; emergency medicine; injury severity; abbreviated injury scale;
injury severity score

1. Introduction

Acute care of trauma patients in Germany, Austria, Switzerland, the Netherlands, Belgium and
Luxembourg is ensured by local, regional and supraregional trauma centers (level I-III) according to
the TraumaNetwork DGU® initiative.

TraumaNetwork DGU® initiative has enabled the German Society for Trauma Surgery (DGU)
to establish first-class nationwide care for the severely injured. Clinics and University hospitals
in order to provide high-quality patient care in trauma centers in addition to specialized medical
requirements, also require specific spatial and material resources [1,2]. According to the guidelines of
the DGU and the “Association of the Scientific Medical Societies in Germany” specific criteria must be
fulfilled for the activation of the Trauma Resuscitation Unit (TRU). These criteria are divided into three
groups: “disturbance of vital signs”, “detected injuries” and “mechanism of the accident or accident
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constellation” [2,3]. However, based on the last criterion, it has been observed that in Germany that
many slightly injured patients are admitted to the TRU, yet only one in five are severely injured with
an Injury Severity Score (ISS) ≥ 16 [4,5].

In 2019 the German Society for Trauma Surgery published the “Whitebook Medical Care of the
Severely Injured” 3rd edition, which provides guidelines for the clinical and diagnostic steps, as well as
for the first operative phase of the “Trauma Resuscitation Unit treatment” [2,6,7]. However, until
now, there are no recommendations for the duration of treatment and whether further monitoring is
necessary for the slightly injured trauma patients, who have suffered a dangerous trauma and who
according to the TRU criteria must be treated in the TRU.

In addition, it has been shown that the intake of mind-altering substances (e.g drugs, alcohol or
medication) in combination with a dangerous trauma, even if the patient is slightly injured, leads to
the monitoring of the patient [8]. In individual and defined cases, if the patient has not suffered a
severe injury, after implementation of the standardized Trauma Resuscitation Unit treatment, and if
the occurrence of possible further complications is excluded, prolonged monitoring appears not to be
necessary [9–11]. However, relevant injuries (such as cerebral contusion, occipital skull fracture or
pneumothorax) have been initially overlooked and were only subsequently detected [8].

This might be the reason, that it has been reported in the literature that many patients with minor
trauma are admitted to the Intermediate Care Unit (IMC) for monitoring without any comprehensible
medical reason [12].

A national or international study that considers the entire cohort of patients that have been treated
in the TRU and were initially diagnosed as slightly injured does not exist.

In the present study, it is therefore investigated whether (1) inpatients surveillance after the
interdisciplinary TRU diagnostic is necessary so that injuries with an Abbreviated Injury Scale (AIS) ≥2
are not overlooked; and (2) whether the inquired experience of the trauma team along with the
improved computed tomography (CT) imaging makes the inpatient monitoring unnecessary.

2. Materials and Methods

2.1. University Hospital of Giessen and Data Acquisition

The University Hospital of Giessen, located in the middle of Germany, is a National Trauma
Center (Level I) of the DGU. In 2018, 370 patients were admitted with moderate to severe injuries,
which was the greatest number of patients registered by the TraumaRegister DGU® in a single hospital
throughout Germany at that time. In addition, a total of about 1000 trauma patients are treated annually
in the TRU [13].

When treating trauma patients, the procedures of the TRU-algorithm at the University Hospital
of Giessen strictly adhere to the Advanced Trauma Life Support (ATLS) protocol. More specifically,
patient care is carried out by a defined TRU team, which consists of five attending physicians from
the fields of trauma surgery, visceral surgery, anesthesia, neurosurgery and radiology. While the
diagnostic steps of the primary survey are strictly defined in the treatment protocol and are identical
for all patients, diagnostic imaging in the TRU is individually adapted to each trauma patient by the
trauma team.

After admission in the TRU, regardless of the type of injuries, trauma patients are monitored for
24 h, initially in the Intermediate Care Unit (IMC). They are then transferred to the Normal Care Unit
(NCU) until their discharge from the hospital. All patient documentation is carried out promptly in
the electronic patient file. “MEONA” software from Meona GmbH, Freiburg, Germany is used at NCU
and “icudata” from IMESO-IT GmbH, Giessen, Germany is used at IMC, both are used in the TRU.

2.2. Inclusion and Exclusion Criteria

Ethical approval was given by the Justus-Liebig-University Giessen’s ethics committee (approval
number AZ 67/20). The study included during the eight month observation period between April and
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November 2019 data from 112 adult (≥18 years) trauma patients admitted to the TRU at the University
Hospital of Giessen, Department of Trauma, Hand and Reconstructive Surgery, who had Maximum
Abbreviated Injury Scale (MAIS) ≤1, Injury Severity Score (ISS) ≤3 and had been monitored at IMC or
NCU for 24 h.

Children, as well as patients with less than 24-h monitoring or with severe injuries (MAIS ≥2) or
patients with incomplete data files, were excluded from the study.

2.3. Definitions

All 112 patients injuries were rated using the AIS (AIS Version 2005/Update 2008, Association
for the Advancement of Automotive Medicine, Barrington, IL), using a scale from 0 to 6 according to
injury severity (Table 1) [14]. From the AIS the MAIS and ISS were derived [15]. Evaluation of injuries
took place retrospectively, based on the electronic patient record at the end of the TRU management,
the IMC-observation and at the end of hospitalization at NCU.

Table 1. The severity of the Abbreviated Injury Scale (AIS).

Injury Severity

1 Minor

2 Moderate

3 Serious

4 Severe

5 Critical

6 Maximum

In the case of changes at the AIS during hospitalization, a consultant evaluated the consequences,
and if necessary, advised for a change in therapy. If the patients reported new symptoms, the current
location, IMC or NCU, was also noted.

Furthermore, additional parameters as gender, age and the course of the accident (“motor vehicle
accident”, “motorcycle/bicycle accident”, “high and low falls”, “pedestrian vs. vehicle crash”, “corporal
violence”, “others”) were included. The performance of a head and body trunk CT, only head or
body trunk CT or no CT during the initial TRU assessment was noted. The respective medical units
extended diagnostics that were performed were also recorded.

2.4. Statistical Analysis

For statistical assessment of the changes in the AIS and ISS a binary form of the two scores was
encoded (AIS: =0 as 0 and >0 as 1; ISS: ≤3 as 0 and >3 as 1). Cochran´s Q tests were used for ISS and
AIS variables. For the recoded data, the number and percentage of persons with an AIS/ISS = 1 in the
respective hospital unit and the percentage of persons for whom the value has changed from TRU
to IMC or IMC to NCU were also shown. Risk assessment and risk differences were also calculated.
The Chi2-test was used to determine whether AIS changes depended on CT diagnostics carried out in
the TRU.

Statistical analysis was performed using SPSS (Version 23, IBM Inc., Armonk, NY, USA), and the
level of significance was 5%.

The total length of stay (LOS, in hours) in relation to different variables was also analyzed.
A minimum LOS of 24 h was mandatory for all patients. Thus, this was defined as the null by
subtracting 24 from all values. The explanatory variables were changed (three categories: “no change”,
“new symptoms” and “AIS change”—with the first one used as a reference category for dummy coding
to which the others were compared), age (in years), gender (men as reference category), and extended
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diagnostics (in this sample, people received extended diagnostics once at maximum if at all; thus, not
receiving extended diagnostics was simply chosen as the reference category).

A generalized linear regression model was applied due to the right-skewed distribution of
the variable “length of stay”. A gamma distribution was chosen in combination with the natural
logarithm as the link function between mean length of stay and the explanatory variables. Then the
regression coefficients were back-transformed using the exponential function. Hence, they represent
a multiplicative change in length of stay. For all analyses, a significance level of 5% was chosen.
Statistical analysis was carried out using R 3.6.3. [16].

Data are presented as mean ± standard deviation (mean ± SD). In the case of asymmetrical
distribution, the median was also calculated.

3. Results

3.1. Demographic Data

The study included 112 (19.55%) out of the 573 trauma patients admitted in the TRU of the
University Hospital of Giessen during the eight month observation period between April and November
2019 who fulfilled the inclusion criteria (≥18 years, primary TRU admission, AIS ≤ 1, MAIS ≤ 1 and
ISS ≤ 3 after TRU treatment completion, ≥24 h monitoring in the units). Participants’ mean age was
41.18 ± 19.63 years; 69 (62%) were males and 43 (38%) females (Table 2).

Table 2. Demographic data.

N = 112

Age Mean = 41.18 SD = 19.63

Gender n (%) 69 (62%) male 43 (38%) female

N = Total sample size; n = Group sample size; SD = Standard Deviation.

The car accident was the reason for admission in 62 cases (55.36 %). Other accidents included falls
in 20 cases (17.86%), accidents between cars and pedestrians or cyclists in 12 cases (10.71%), falls from
motorcycles or bicycles in nine cases (8.04%), physical abuse in five cases (4.46%), and other types of
accidents (circular saw and pinch point injuries) in four cases (3.57%) (Table 3).

Table 3. Mechanisms of injuries.

Total (n) Total (%)

Motor vehicle accident 62 55.36

Motorcycle/bicycle accident 9 8.04

High and low falls 20 17.86

Pedestrian vs. vehicle crash 12 10.71

Physical abuse 5 4.46

Others 4 3.57

n = Group sample size.

3.2. Average ISS, AIS and MAIS

All patients admitted in the TRU had an average ISS of 1.45 after treatment. The average score
increased to 1.47 in the IMC and to 1.55 in the NCU. An overall increase of 6.9% from the TRU to NCU
was observed. The average AIS of all regions rose from an initial 1.45 in the TRU to 1.47 in IMC and to
1.54 in NCU, resulting in an overall increase of 6.2%. The MAIS was 1 in the TRU and IMC and 2 in the
NCU. Out of the 112 patients, a total of four (3.57%) were completely unharmed, and therefore, had an
AIS and ISS of 0. These scores did not change during inpatient hospitalization (Table 4).
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Table 4. ISS Average and MAIS.

ISS Average * Range ** MAIS * Range **

TRU 1.45 0–3 1 0–1

IMC 1.47 0–3 1 0–1

NCU 1.55 0–5 2 0–2

TRU = Trauma Resuscitation Unit; IMC = Intermediate Care; NCU = Normal Care Unit; ISS = Injury Severity Score;
AIS = Abbreviated Injury Scale; MAIS =Maximum Abbreviated Injury Scale. * Average of the ISS and AIS in the
different units; ** Minimum and Maximum of ISS, AIS range.

The frequency distribution of the individual ISS-values throughout the different units showed
that ISS in the IMC increased one point in only two patients from the initial ISS in the TRU. In six
patients, the ISS change occurred in the NCU, and in one of these patients, the ISS rose to five (Table 5).

Table 5. Frequencies of all observed ISS values in the units.

ISS TRU IMC NCU

0 4 4 4

1 59 57 53

2 43 45 46

3 6 6 8

5 0 0 1

ISS = Injury Severity Score; TRU = Trauma Resuscitation Unit; IMC = Intermediate Care; NCU = Normal Care Unit.

Figure 1 shows, that there was no significant change of the ISS during patients’ hospitalization
in the different units. Means and medians were almost at the same level, suggesting that ISS values,
and thus, the overall severity of injuries did not change significantly in the different units. Only in
NCU the ISS mean rose slightly (ISS 1.55) which can be explained by an individual outlier (Figure 1).

 

Figure 1. Distribution of ISS in each unit (TRU, IMC, NCU). Rhombuses represent the arithmetic mean.
Medians are located at the bottom of the boxes (ISS = 1). The dot indicates outliers. TRU = Trauma
Resuscitation Unit; IMC = Intermediate Care Unit; NCU = Normal Care Unit.

3.3. New Complaints, New Diagnoses and AIS/ISS Changes

A total of 21 patients (18.75%) after completion of TRU treatment, complained about new
symptoms, such as pain, abnormal sensations, and in one case, visual disturbances, during the course
of their inpatient stay. Nine of these patients reported new symptoms in the IMC, while 10 only
reported new symptoms in the NCU. Two of these patients reported new complaints on both IMC and
NCU (Table 6). A new diagnosis was made in 9/112 patients (8.04%) that led to an AIS change. Eight of
these patients (7.14%) had an AIS change, as well as an ISS change. In one patient, the MAIS rose from
1 to 2 (0.89%), and thus, the ISS to 5. In all of the rest patients the MAIS remained at 1 and ISS ≤ 3.
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A new diagnosis was made in IMC in 2/9 patients (22.2%) and in the other seven (77.8%) patients in
the NCU.

Table 6. Frequencies of patients with new symptoms.

N % of N = 112

Only IMC * 9 8.036

Only NCU ** 10 8.93

Both 2 1.78

Total 21 18.75

* IMC = Intermediate Care; ** NCU = Normal Care Unit; N = Total sample size; n = Group sample size.

Evaluation of the changes in AIS and ISS values during the course of inpatient stay showed no
significant change in AIS values for any region of the body (AIS HN: p = 0.368; AIS F: p = 0.223; AIS C:
p = 0.368; AIS AbP: p = 0.368; AIS ExP p = 0.135; AIS E: p = 0.223) and also no significant ISS increase
(p = 0.368) (Table 7). Data analysis showed that the risk difference for an AIS increase by 1 in the
extremities during an inpatient stay in NCU was 1.79% (p = 0.135). Table 7 shows the distribution of
AIS ≥ 1 throughout the different units, as well as the probability of change (RD = Risk Difference).

Table 7. Comparison of patients’ frequencies with AIS and ISS ≥1 throughout stations.

Number of N = 112
with Score > 0

Rate in % with Score > 0 RD in %

Score Q df p ** TRU IMC NCU TRU IMC NCU TRU to IMC IMC to NCU

ISS * 2 2 0.368 0 0 1 0.00 0.00 0.89 0.00 0.89

AIS HN 2 2 0.368 51 51 52 45.54 45.54 46.43 0.00 0.89

AIS F 3 2 0.223 14 15 16 12.50 13.39 14.29 0.89 0.89

AIS C 2 2 0.368 1 1 2 0.89 0.89 1.79 0.00 0.89

AIS AbP 2 2 0.368 0 0 1 0.00 0.00 0.89 0.00 0.89

AIS ExP 4 2 0.135 1 1 3 0.89 0.89 2.68 0.00 1.79

AIS E 3 2 0.223 96 97 98 85.71 86,61 87.50 0.89 0.89

* Binary coded (≤3 as 0 and >3 as 1); Q = Test value; df = Degrees of freedom; ** p = p value (Level of
Significance = 0.05); RD = Risk difference (proportion in % at which the score changes); TRU = Trauma Resuscitation
Unit; IMC = Intermediate Care Unit; NCU = Normal Care Unit; ISS = Injury severity score; AIS = Abbreviate injury
scale; HN =Head or Neck; F = Face; C = Chest; Abp = Abdominal or pelvic contents; Exp = Extremities or pelvic
girdle; E = External.

3.4. TRU Computed Tomography (CT) and AIS Change

No correlation was found between CT diagnostics performed in the TRU and change in AIS
during inpatient’s hospitalization (p = 0.542). Each of the nine patients, who had an AIS change after
completion of TRU treatment, had received a CT diagnostic in the TRU. Eight of them (88.9%) received
a trauma CT (head and body-trunk), and one patient only received a CT head. Of all patients who
received a CT body trunk (80/112), eight (10%) had an AIS change despite the extensive TRU CT
diagnostics. Only head CT diagnostic was performed in the TRU in 25/112 patients and only one of
them, received during the hospitalization in the NCU X-rays of the shoulder, which led to an AIS
change. The head CT examination that was carried out in the TRU had no influence on this change
(Table 8).
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Table 8. Correlation between received diagnostic computed tomography (CT) and AIS change.

AIS Alteration
Total

No Yes

No CT

Number 7 0 7

Expected number 6.4 0.6 7.0

% within the category 100.0% 0.0% 100.0%

Only CT body-trunk

Number 4 0 4

Expected number 3.7 0.3 4.0

% within the category 100.0% 0.0% 100.0%

Only CT head

Number 24 1 25

Expected number 23.0 2.0 25.0

% within the category 96.0% 4.0% 100.0%

CT head and body-trunk

Number 68 8 76

Expected number 69.9 6.1 76.0

% within the category 89.5% 10.5% 100.0%

Total

Number 103 9 112

Expected number 103.0 9.0 112.0

% within the category 92.0% 8.0% 100.0%

Alteration Chi2 df p *

AIS 2.15 3 0.542

Chi2 = Test Value; df = Degrees of freedom; * p = p value (Level of Significance = 0.05); CT = Computed tomography;
AIS = Abbreviated Injury Scale.

3.5. Total Length of Stay (LOS) and Factors Influencing the Length of Stay

The average total LOS (TRU+IMC+NCU) was 53.57 h with a standard deviation of 42.23 h.
Most hospitalization time was spent on the NCU, while the time spent on the IMC only accounted for
33.28% of total LOS. As expected, the length of stay at the TRU was short—with an average total of
1.08h (Table 9).

Table 9. The average length of stay (LOS).

Hours (%)

Overall LOS 53.57 (SD = 42.23; Median = 41.48)

NCU 34.65 (64.68%)

IMC 17.83 (33.28%)

TRU 1.08 (2.01%)

Number (%)

Patients who stayed >100 h 6 (5.35%)

Patients who stayed >200 h 4 (3.57%)

LOS = Length of stay; NCU = Normal Care Unit; IMC = Intermediate Care Unit; TRU = Trauma Resuscitation Unit;
SD = Standard Deviation.

It was also shown, that the average length of stay of patients, who had reported new symptoms
without any change in AIS was 65%, and of those who had changes in AIS was 85% of the length
of stay of patients who had neither reported new symptoms nor had changes in AIS (p = 0.350 and
p = 0.770) (Table 10, Figure 2).
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Table 10. Regression analysis results for length of stay.

Variable B SE t p * exp(B)

(Intercept) 2.81 0.30 9.36 <0.001 16.59

Progress (Reference: No change)

New symptoms −0.43 0.46 −0.94 0.350 0.65

AIS change −0.16 0.55 −0.29 0.770 0.85

Age (years) 0.01 0.01 1.87 0.064 1.01

Gender (Reference: male)

Female −0.18 0.25 −0.71 0.481 0.84

Extended diagnostics (Reference: none)

Once 1.28 0.56 2.31 0.023 3.61

* p = 0.05; B = Regression coefficient; SE = Standard error; t = Test value; * p = p value (Level of Significance = 0.05);
exp(B) = Relative change.

 

Figure 2. Distribution of length of stay (LOS) in correlation to the variables “No change“,
“New symptoms“, and “AIS Change“. Dots represent outliers.

The average total length of stay of female patients was shorter compared to male patients
(p = 0.481).

The data further showed that for every one year increase in age, there was an increase in the
length of stay by a factor of 1.01 (p = 0.064) (Figure 3). The necessity of extended diagnostics in the
course of inpatients’ stay led to a statistically significant increase of the total length of stay by a factor
of 3.61 (p = 0.023).

 

Figure 3. Correlation between length of stay and age of patients. The solid line (regression line)
represents the correlation according to the transformed regression coefficient (Table 10).
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4. Discussion

The aim of this study was to examine whether monitoring of patients with only minor injuries
or no injuries at all after completion of TRU treatment is beneficial in order to identify new relevant
injuries during hospitalization. The authors retrospectively analyzed the data of 573 patients that were
admitted in the TRU. One hundred and twelve of them had ISS ≤ 3 (MAIS ≤ 1) and were included in
the study. This corresponds to 19.55% of all primary TRU patients of Level I trauma center in Giessen,
Germany, in the examination period 2019 (April-November). In comparison to the annual report
of the Trauma-Register DGU® in 2019, the overall proportion of patients, who were only slightly
injured or not injured at all was 13%. Since the slightly injured patients are only being recorded in
the Trauma-Register without any further analysis of their data, it can be assumed that most of these
patients do not enter the register, and therefore, they are not fully reflected in the statistics [17,18].
Marzi showed an increase of patient admission to TRU of 70 % from 2012 to 2016, although the number
of patients with an ISS ≥ 16 or a MAIS ≥ 3 is slightly constant over the years [4]. We made a similar
observation in our center and saw this as a reason for the high number of patients with MAIS ≤ 1.

The mean age of these study population was 41 ± 19 years in accordance with the literature
(30–50 years). The large fluctuations in mean age can be explained by the differences in the inclusion and
exclusion criteria between the various studies [8,11,19]. More specifically in the study of Lansink et al.
in 2004 mean age was 30 years, but patients with known coronary artery disease, anticoagulant
medication, blood clotting disorder and patients admitted in the ICU were excluded from the study [11].
As these criteria mostly apply to older patients, mean age was therefore smaller. The proportion of
male participants in the present study was 62%, which is comparable to other study populations
(66–70%) [8,10,11,18–20].

Considering our demographic data, the mechanisms of accidents in this study are comparable
with the ones reported in previous studies [8,10,11,19], with the exception of Salim et al., who reported
a slightly higher incidence of pedestrian struck-accidents (25.9%) [20].

The severity of the injury was assessed using the internationally recognized Abbreviated Injury
Scale (AIS), which was first introduced in 1969. The AIS-Codebook, first published in 1979, has been
since then continuously revised. The AIS© 2005 Update 2008 was used for this study [14,21].

The AIS is the basis for calculating the Injury Severity Score (ISS) of a multiply injured patient;
a scoring system which was first described in 1974 by Baker et al. [22,23]. In addition to the AIS and
ISS, the Maximum Abbreviated Injury Scale (MAIS) was also determined, which gives the maximum
AIS value of each patient and estimates the severity of an injury [17].

We observed that after completion of TRU diagnostics, mean AIS for all body regions and ISS
were 1.45 and as none of our trauma patients had MAIS > 1 they all belonged to the category of slightly
injured patients [14,22–24].

It was shown that AIS, ISS and MAIS did not change significantly during an inpatient hospital
stay. Only in one case, AIS increased to 2 and ISS to 5, which led according to Baker et al. (1976)
to an insignificant increase in mortality [23]. This delayed diagnosed injury was a sternal fracture,
which was already demonstrated in the initial TRU imaging, but was not documented among the
diagnoses in the electronic patient’s file.

There are only a few studies with a comparable population as this present study, as most clinical
studies focus on missed injuries in severely injured patients. In our study, ISS increased by 6.9%
during inpatient stay, while AIS increased by 6.2%. New diagnosis in the present study was made
in 9/112 patients (8%). Four of the newly diagnosed injuries were classified as relevant but did not
lead to a change of further treatment regimen. Zamboni et al. reported 7.6% newly diagnosed injuries
in the course of inpatient stay, whereby at this study, the diagnoses were only mentioned without a
calculation of AIS or ISS [25]. Moreover, Stephan et al. reported new diagnoses in 35/630 patients
(5.56%) during a 23-h patient surveillance period, of which 14 (2.22%) were relevant [8].

Lansink et al. evaluated the necessity of clinical observation of high-energy trauma patients
without significant injury. In this study, the patients’ ISS was higher than ours (1.37–3.09), and it did not
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increase during inpatients’ hospitalization. The authors attributed their findings, to the high-quality
examination in the TRU based on ATLS guidelines [11]. The authors of the present study also believe
that the reason for not having many new diagnosed (previously overlooked) injuries in the course of
inpatients’ stay, is the application of the standardized ATLS-based TRU treatment in Giessen, whereby
the comparison between the two studies, due to the extensive exclusion criteria in Lansink et al. study,
is restricted [11].

However, it is known, that there is a significant association between the severity of injury and
occurrence of overlooked injuries, as in slightly injured patients, who were admitted in the TRU
only a few injuries were subsequently detected [26]. In the current study, a large number of delayed
diagnoses was not expected. However, relative studies report a widespread of incidence (1.3–39%) of
delayed diagnosed injuries, and this can be attributed to the fact that each study has a different design,
as well as different definitions for an overlooked injury. Pfeifer et al. 2008 reported that 15–22.3% of the
subsequently diagnosed injuries were classified as clinical significant [26]. Regarding our discovered
diagnoses we showed that in our study population, 44.44% of them were in extremities. This is in line
with relative studies from the literature, in which the proportion of the overlooked extremity injuries is
between 33–60% [27–29].

In addition, our finding that 3.57% of the patients had no injuries both in the TRU and in their
further hospitalization is consistent with relative German literature [5].

Furthermore, our data showed that AIS and ISS, regardless of TRU diagnostics, did not significantly
increase in the course of inpatient stay. It was only after the development of multislice CT that a
whole-body CT was possible, and this was first described as a diagnostic tool for seriously injured
patients in 1997 [30–32]. Since then, performing a whole-body computed tomography (CT) in the
seriously injured patients in the TRU is recommended according to the German guidelines as “Grade
of Recommendation A”, as among others, it increases the probability of survival of the severely injured
patients [3,33–35] While the retrospective data in the literature appear to be clear considering the
seriously injured patients, there are no recommendations regarding the indication for performing a
whole-body CT or if necessary, a focused CT. Only the parameters “disturbed vital signs”, a “relevant
mechanism of injury” and the presence of “at least two injured regions” can be used as “Grade of
Recommendation B” [3,36,37].

An extensive imaging diagnostic alone does not appear to be required in order to discharge
patients after TRU treatment or transferring them to the NCU. Kendall et al. defined some criteria
for low risk of overlooking abdominal injuries after blunt abdominal trauma, which would allow
the patient to be discharged from the emergency department (ED) without having a CT scan of the
abdomen. The authors showed a low risk in the absence of intoxication, prehospital or ED settled
hypotension, tachycardia in the ED, abdominal pain or tension, gross hematuria and distracting
injury [10]. Similar results demonstrated Nagy et al. and Livingston et al. regarding head trauma
patients with a Glasgow Coma Score (GCS) 15 and a negative head CT result. Both authors considered,
in this case, an inpatient admission for further monitoring to be unjustified [38,39].

For the isolated high-energy trauma, Lansink et al. suggested that there is no evidence for
inpatient monitoring if an ATLS-based TRU treatment has been previously carried out. However,
many groups of patients were excluded from this study [11]. This observation by Lansink et al. is also
in accordance with our results for all the TRU patients without a significant injury after completion of
TRU diagnostics. The insignificant increase (p = 0.368) in the ISS, which is presented in the current
study is a further indication that the ATLS-based TRU management increases the quality of treatment.

Another reason for a large number of slightly injured patients is the increasing use of the TRU in
the last years leading to an increase in overtriage, and thus, to the admission of uninjured or slightly
injured patients, whereby an overtriage of 25–35% appears to be necessary [4,40,41]. The high number
of TRU activations after a specific mechanism of accident also play a decisive role here [5].

We demonstrated that there were no relevant changes in the AIS and ISS in the course of inpatient
stay, regardless of how long the patient was hospitalized for. The average total length of stay in the
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current study was 2.23 days, which coincides with Stefan et al., who reported a total length of stay of
three days (+/−2 days) [8]. The results of the present study were also comparable with other relative
studies, in which patients were monitored between 8 and >24 h in an NCU, a clinical decision unit and
an IMC [8–11,19].

5. Conclusions

The results of the present study lead to the conclusion that an individualized extended diagnostics
using focused CT or whole-body CT combined with a specialized TRU medical team and an ATLS-based
TRU treatment in a Level I trauma center is a good algorithm in order not to overlook relevant injuries
in the TRU. Hence, an inpatient monitoring in the IMC for patients with an AIS ≤ 1 or an ISS ≤ 3 after
completion of the TRU treatment is unnecessary.

In conclusion, our results show that patients who were diagnosed with no injuries or only minimal
injuries in the TRU with an ISS ≤ 3 do not need to be monitored in the IMC, regardless of whether
they have received in the TRU a trauma CT or only a basic diagnostic procedure according to the
ATLS-standards, as clinical examination, extended focused assessment with sonography in trauma
(eFAST) and X-rays.

The authors, therefore, suggest that the use of AIS/ISS, which is until now only used retrospectively,
could be a good tool for deciding whether the monitoring of a slightly injured patient is necessary,
or whether the patient after receiving, for example, a scheduled appointment could be actually
discharged. Since monitoring in the IMC requires a highly qualified medical and nursing staff,
the latest procedure would relieve the clinical-spatial and personnel-resources and the healthcare
system. The aim should be saving resources in order to be able to maintain sufficient TRU and
monitoring capacities in the future, which can lead to life-saving treatment.
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Abstract: Background: Fractures of the pubic ramus without involvement of the posterior pelvic ring
represent a minority of fragility fractures of the pelvis (FFP). The natural history of patients suffering
this FFP Type I has not been described so far. Material and methods: All patients, who were admitted
with isolated pubic ramus fractures between 2007 and mid-2018, have been reviewed. Epidemiologic
data, comorbidities, in-hospital complications, and one-year mortality were recorded. Of all surviving
patients, living condition before the fracture and at follow-up was noted. Mobility was scored with
the Parker Mobility Score, quality of life with the European Quality of Life 5 Dimensions 3 Level
(EQ-5D-3L), subjective sensation of pain with the Numeric Rating Scale (NRS). Results: A consecutive
series of 138 patients was included in the study. There were 117 women (84.8%) and 21 men (15.2%).
Mean age was 80.6 years (SD 8.6 years). 89.1% of patients presented with comorbidities, 81.2% of them
had cardiovascular diseases. Five patients (4%) died during hospital-stay. Median in-hospital stay
was eight days (2–45 days). There were in-hospital complications in 16.5%, urinary tract infections,
and pneumonia being the most frequent. One-year mortality was 16.7%. Reference values for the
normal population of the same age are 5.9% for men and 4.0% for women. One-year mortality rate
was 22.2% in the patient group of 80 years or above and 8.8% in the patient group below the age of
80. The rate of surviving patients living at home with or without assistance dropped from 80.5%
to 65.3%. The median EQ-5D-Index Value was 0.62 (0.04–1; IQR 0.5–0.78). Reference value for the
normal population is 0.78. Average PMS was 4 and NRS 3. Within a two-year period, additional
fragility fractures occurred in 21.2% and antiresorptive medication was taken by only 45.2% of
patients. Conclusion. Pubic ramus fractures without involvement of the posterior pelvis (FFP Type I)
are serious adverse events for elderly persons. During follow-up, there is an excess mortality, a loss
of independence, a restricted mobility, and a decreased quality of life. Pubic ramus fractures are
indicators for the need to optimize the patient’s general condition.

Keywords: pubic ramus fractures; fragility fractures of the pelvis; mortality; living condition; mobility;
quality of life
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1. Introduction

Pubic ramus fractures are part of complex pelvic injuries in high-energy trauma [1]. They also
occur in isolation or in combination with fractures of the posterior pelvis due to low-energy trauma.
In communities with a high life expectancy, the incidence of fragility fractures of the pelvis (FFP)
surpasses that of high-energy pelvic trauma [2,3]. Of all FFP, isolated pubic rami fractures represent
only one fifth [4]. They are described as FFP Type I in the classification of Rommens and Hofmann [4].
A combination of fractures of the pubic ramus with fractures of the posterior pelvic ring is present in
more than 80% of FFP. These fracture combinations are described as FFP Types II, III, or IV in the same
classification [4]. Pubic ramus fractures are usually diagnosed on a conventional pelvic radiograph,
which is the first diagnostic step after a domestic fall with pain in the pelvic region. On this radiograph,
crush zones and fissures or non-displaced fractures in the sacrum may be overlooked. The real extent
of the pelvic injury is then underestimated. With a pelvic CT, fractures and dislocations of the posterior
pelvis can be analyzed in more detail [5]. Consequently, a pelvic CT is indispensable for complete
evaluation of an FFP. Multiple publications deal with epidemiology, treatment, and outcome of elderly
patients with pubic ramus fractures [6–11]. None of them differentiates between isolated pubic ramus
fractures and pubic ramus fractures in combination with posterior pelvis fractures. In this retrospective
analysis, we first analyzed the pelvic CT-images of all patients admitted with FFP in an 11.5-year period.
We then looked at quality of life, mobility, level of independence, and mortality of patients with FFP
Type I (isolated pubic ramus fractures) under exclusion of the FFP Types II, III, and IV. We compared
our data with available data on the level of independence of the same patients before the fall and with
data on quality of life and mortality of a representative group in the normal population.

2. Patients and Methods

We retrospectively reviewed the medical charts and radiological data (pelvic overviews and
pelvic CT-images) of all patients with an FFP, who presented at the Department of Orthopedics and
Traumatology of the University Medical Center Mainz, Germany between 1 January 2007 and 30 June
2018 (11.5-years period). We identified 519 patients with this diagnosis. We analyzed the pelvic CT-data
of these patients to identify involvement of the posterior pelvic ring and classified all FFP according
to the classification of Rommens and Hofmann [4]. We then excluded FFP with a non-displaced or
displaced fracture of the posterior pelvic ring (FFP Type II (n = 251), Type III, and Type IV (n = 130)).
We also excluded patients with acetabular fractures, patients with pelvic fractures due to high-energy
trauma and patients with pelvic fractures due to malignancies. In addition, 138 of 519 (26.6%) of FFP
were classified as FFP Type I. A flowchart of selected and excluded patients is presented in Figure 1.
They build the patient cohort for this study.

 

Figure 1. Flowchart of selected and excluded patients.

88



J. Clin. Med. 2020, 9, 2498

The following epidemiologic data of these 138 patients were collected: age, sex, trauma
mechanism, conservative or operative treatment, duration of hospital stay, in-hospital complications
and destination at discharge from hospital. The patient’s records were searched for the physical
status just before admission, current medication and for the following comorbidities at the time of
first presentation: cardiovascular disease, pulmonary disease, osteoporosis, malignancies, diabetes
mellitus, rheumatoid arthritis, and dementia. Images were assessed for existing hip replacement or
lumbar spine fusion. In-hospital medical complications included cardiovascular events, pneumonia,
symptomatic deep venous thrombosis, symptomatic pulmonary embolism, symptomatic urinary tract
infection, and skin ulcer.

Patients or their relatives were contacted by phone asking to answer several questionnaires. If this
was not possible, their general practitioner or the bureau of vital statistics was contacted to ask about
vital status. Quality of life was assessed by a European Quality of Life five dimensions—three level
(EQ-5D-3L) questionnaire, and scores range from 0 to 1.0 (higher scores indicating better quality of
life) [12–14]. Subjective sensation of pain was rated with the numeric rating scale (NRS), with scores
from 0 to 10 (higher scores indicating heavier pain) [15]. The actual place of living and mobility
status was asked, the mobility further specified by Parker Mobility Score (PMS), ranging from 0 to
9, higher scores equal to better mobility [16]. Patients were asked for the occurrence of subsequent
fragility fractures.

Mean values with standard deviation (SD) were given in case of normal distribution, median values
with min and max together with 25–75 inter quartal ranges (IQR) in case of non-normal distribution.
Continuous data were compared using the unpaired Mann–Whitney U test for non-normally distributed
data. Linear regression was tested with Spearman Rho. The chi-square test was used to compare
nominal groups. A p-value of ≤ 0.05 was considered statistically significant. Statistical analysis was
performed using SPSS software (IBM SPSS Statistics for Windows, Version 23.0; IBM Corp, Armonk,
NY, USA).

3. Results

3.1. Baseline Characteristics

In addition, 138 patients with fragility fractures of the anterior pelvic ring only (FFP Type I)
were identified. There were 130 patients with unilateral pubic rami fractures (FFP Type Ia = 94.2%)
and eight patients with bilateral fractures (FFP Type Ib = 5.8%). Mean body mass index (BMI) of
all patients was 24 (15–42). Sex ratio was 5.6/1 in favor of women. The average age of women was
5.6 years higher than that of men. The vast majority of patients suffered a fall from standing position
or recurrent falls. Only 15 patients (10.9%) had no comorbidities at first presentation. Among the
patients with comorbidities (89.1%), cardiovascular diseases, osteoporosis, and actual or previous
malignancies were the most frequently present. In addition, 107 patients received anticoagulants
and/or antithrombotic drugs (77.5%). Median time delay between trauma and primary presentation
was 0 days (0–264, IQR 0–2). More than 84% of patients presented within one week after trauma.
Patients with a presentation of seven or more days after trauma were younger (77.7 years ± 8.14 vs.
81.3 years ± 8.64, p = 0.045), had shorter stays in hospital (median 4 vs. 8 days, p < 0.001) and they
suffered medical complications less often (3.8% vs. 22.3%, p = 0.030).

Demographics, trauma mechanism, time of presentation, comorbidities, relevant medication,
and previous surgeries at hip joint or lumbar spine of all patients, prior to suffering an FFP Type I,
are depicted in Table 1.
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Table 1. Baseline characteristics of all patients before suffering an FFP Type I.

Number % Mean Age SD

Demographics

All patients 138 100 80.6 8.6
Women 117 84.8 81.5 8.2

Men 21 15.2 75.9 9.2
Patients younger than 80 57 41.3 72.5 6.1
Patients age 80 and older 81 58.7 86.2 4.8

Trauma Mechanism Number %

Fall from standing position 106 77
Other trauma mechanism 19 13.8

Recurrent falls 7 5.1
No trauma memorable 6 4.2

Time of Presentation Number %

Day of trauma 86 62.3
Within first week 30 21.7
After one week 22 16.0

Comorbidities Number %

Patients without
comorbidities 15 10.9

Patients with comorbidities 123 89.1
Cardiovascular disease 112 81.2

Osteoporosis 54 39.1
Actual/previous

malignancies 28 20.3

Diabetes mellitus 27 19.6
Pulmonary disease 7 12.3

Dementia 15 10.9
Rheumatoid arthritis 5 3.6

Medication Number %

Anticoagulants 107 77.5
Cortisone 20 14.5

Previous surgeries Number %

Total hip arthroplasty 20 14.5
Lumbar spine fusion 5 3.6

Age and sex of patients with pubic ramus fractures, published in representative original articles
of the last decades are listed in Table 2

Table 2. Age and sex of patients with pubic ramus fractures in previous publications.

Author [Reference] Year Number of Patients Age (Range) Sex (F/M)

Hill et al. [7] 2001 286 74.7 (17–97) 231/55
Taillander et al. [17] 2003 60 83 (65–99) 54/6
Krappinger et al. [8] 2009 534 73.3 (SD 19.8) 448/86
van Dyck et al. [18] 2010 99 80.1 (60–98) 88/11

Maier et al. [19] 2016 93 76.8 (n.a.) 64/29
Banierink et al. [20] 2019 153 79 (65–100) 108/45
Schmitz et al. [21] 2019 196 75.3 (60–94) 138/58

Hamilton et al. [10] 2019 43 78.4 (S.D 9.2) 32/11
Loggers et al. [11] 2019 117 83 (65–97) 101/16

Own series 2020 138 80.6 (52–98) 117/21
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3.2. Care Pathways

In total, 136 patients were treated conservatively (98.6%). Conservative treatment consisted of
pain therapy, mobilization in bed, sitting and standing at the bedside, followed by short transfers and
assisted walking. Weight bearing was allowed at all times, when tolerated. Two patients were treated
operatively (1.4%). In one patient, a retrograde transpubic screw was inserted and another patient
received a plate and screw osteosynthesis of the anterior pelvic ring.

Fourteen patients (10.1%) received an outpatient treatment, and 124 patients were admitted in our
trauma unit (89.9%). Five patients died during hospital stay (4.0%). The reasons of death were not
directly related to the pubic ramus fractures: pneumonia in two, cardiovascular arrest, cardiac infarction
and multiple organ failure in one patient each. Median in-hospital stay of the surviving patients was
eight days (2–45 days, IQR 5–10 days). Twenty-two patients (16.5%) suffered complications during
hospital stay of which urinary tract infection and pneumonia were the most frequent. Thrombosis
and pulmonary embolism were not noticed. Complications occurred more often with a longer stay in
hospital (median 11 days vs. 7 days, p <0.001) and in patients with more comorbidities (median 2 vs. 1,
p = 0.085). They did not differ with age (median 83.5 years vs. 81 years, p = 0.201). At discharge, almost
three quarters of the patients were mobile on the ward or in the room. Nearly two thirds of patients
could be discharged at home, and the remaining were discharged in different caring institutes. More
data on in-hospital complications, on mobility, and destination at discharge are depicted in Table 3.

Table 3. In-hospital complications, mobility, and destination at discharge.

Number %

In-Hospital Complications

All in-hospital patients 124 100
In-hospital death 5 4.0

Number of patients with
in-hospital complications 22 17.7

Type of In-Hospital Complication

Urinary tract infection 17 13.7
Pneumonia 7 5.6
Skin ulcer 6 4.8

Cardiovascular accident 3 2.4

Mobility at Discharge

All surviving in-hospital patients 119 100
Type

Mobile on the ward 68 57.1
Mobile in the room 18 15.2

Need help for out-of-bed
mobilization 15 12.6

Immobilized in bed 0 0
Unknown 18 15.2

Destination of Discharge

All surviving in-hospital patients 119 100
Type

Discharge at home 74 62.2
Geriatric rehabilitation center 13 11.0

Geriatric clinic 10 8.4
Nursing home 10 8.4

Short-time nursing care 6 5.0
Assisted living environment 3 2.5

Other hospital 1 0.8
Unknown 16 13.4
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3.3. Follow-Ups
Forty-five patients had died at follow-up (32.6%). Median delay between primary presentation

and death was 50 weeks (0–345 weeks, IQR 22–112 weeks). Twenty-three patients died within the first
year after primary presentation (16.7%), 41 within 5 years (29.7%). None of the patients died due to a
direct complication of the pubic ramus fractures. One-year mortality of patients below and above 80
years was 8.8% resp. 22.2%. Five-year mortality of patients below and above 80 years was 17.5% resp.
39.5%. Figure 2 shows the Kaplan–Meier curve of the cumulative survival of both age groups.

Figure 2. Kaplan–Meier curve of the cumulative survival of patient groups below and above age of 80.

One-year mortality rates of reference populations and of published series of patients with FFP are
listed in Table 4.

Table 4. One-year mortality rates of reference populations and of published series of patients with FFP.

Author (Reference) Year Number
Mean Age of

Patients
One-Year Mortality

Rate, in %
Reference

Group in %

Hill et al. [7] 2001 286 74.7 13.3 4.7 ***
Leung et al. [22] 2001 60 78 11.7

Krappinger et al. [8] 2009 534 73.3 11.2
Krappinger et al. [8] 2009 270 * n.a. 3.7
Krappinger et al. [8] 2009 264 ** n.a. 18.9 12.5 ****
van Dyck et al. [18] 2010 99 80.1 24.7 7.5 *****

Maier et al. [19] 2016 93 76.8
Andrich et al. [23] 2017 5685 80 21 11

Banierink et al. [20] 2019 153 79 26.8
Banierink et al. [20] 2019 65 76–8531 5 *****
Banierink et al. [20] 2019 34 >85 35 15 *****
Loggers et al. [11] 2019 117 83 23
Loggers et al. [11] 2019 94 n.a. 20  

Own series 2020 138 80.6 16.7 5.9 ¥/4.0 ¥¥

Own series 2020 57 * 74 8.8
Own series 2020 81 ** 86 22.2
Own series 2020 21 75 19.1 5.5
Own series 2020 117 82 16.2 4.0

* Patients below age of 80, ** Patients with age of 80 and above, *** Data from the Scottish Institute for Statistics,
**** Data from Austrian Institute for Statistics, ***** Data from the Dutch Institute for Statistics,  Patients with
isolated anterior pelvic ring fractures, ¥ Male population [24], ¥¥ Female population [24].
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Seventeen patients were lost to follow-up (12.3%) and 4 refused participation in our retrospective
study (2.9%). In addition, 72 of 93 surviving patients completed the questionnaires (77.4%). Median time
delay between presentation and follow-up of the responding 72 patients was 149 weeks (53–382 weeks,
IQR 113–237 weeks). All patients had a minimum follow-up of one year. At follow-up, the vast
majority of patients was able to walk independently or with walking aids. The rate of surviving
patients living at home with or without assistance dropped from 80.5% to 65.3%. Detailed data on
mortality, mobility, and living conditions before trauma and at follow-up is depicted in Table 5.

Table 5. Mortality, mobility and living condition before trauma and at follow-up.

Number %

All patients 138 100
Death at follow-up 45 32.6
Lost to follow-up 17 12.3

Refused participation 4 2.9
Remaining patients 72 52.2

Mobility at Follow-Up

All patients 72 100
Type

Independent walking 20 27.8
Walking with walking aid 36 50

Walking inside home 12 16.7
Immobilized in bed 4 5.6

Living Condition at Primary Presentation and at Follow-Up

Primary Presentation Follow-Up

Number % Number %

Number of patients 72 100 72 100
Independent at home 44 61.1 27 37.5

At home with assistance 14 19.4 20 27.8
Nursing home 6 8.3 14 19.4
Hospitalized 3 4.2 1 1.4

Assisted living environment 2 2.8 4 5.6
Unknown 3 4.2 6 8.3

The median Parker Mobility Score was 4 (0–9; IQR 3–7). The median EQ-5D-Index Value of 72
patients, who answered this questionnaire, was 0.62 (0.04–1; IQR 0.5–0.78). The median value of NRS
was 3 (0–10, IQR 0–5). The EQ-5D-Index Value correlated with the PMS (p < 0.001), inversely with
age (p < 0.001) and with NRS (p = 0.011). The number of comorbidities correlated inversely with the
EQ-5D-Index Value (p = 0.022) and with the PMS (p = 0.010). The occurrence of a medical complication
did not influence the quality of life (EQ-5D-Index Value) at follow-up (p = 0.107). Nevertheless, the PMS
was higher in patients without medical complication (median 4 vs. 3, p = 0.072). There was no
correlation of the EQ-5D-Index Value with delayed presentation (p = 0.529).

Fourteen out of 66 patients (21.2%), who answered this question, expressed having suffered an
additional fragility fracture after the pubic ramus fractures: five times a progression of the FFP Type I
to another FFP Type, three times an osteoporotic vertebral fracture, three times a fracture of the lower
extremities, two times rib fractures, and once a fracture of the upper extremities. The median time
delay between the index injury and the new fracture was 123 weeks (46–413, IQR 58–167).

Of 66 patients, who answered this question, only 28 (45.2%) expressed taking an
anti-resorptive medication.
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4. Discussion

This is the first and unique study on mobility, level of independency, quality of life, and survival
rate of elderly patients with isolated pubic ramus fractures. Isolated pubic ramus fractures are the
least unstable fracture types in FFP [4]. Stability of the pelvic ring with pubic ramus fractures and
intact peri-pelvic soft tissues is only reduced by 7% [25]. It seems reasonable to hypothesize that
isolated pubic ramus fractures have limited impact on the patient’s outcome and can be treated with
“careful neglect”. The results of this study show the opposite: isolated pubic ramus fractures are
serious adverse events for elderly persons as they have a distinct influence on their mobility, level of
independence, and survival rate.

Age and sex ratio of our patient cohort was similar to that of the populations of previous
publications, although all types of FFP were included in previously published studies.

The mean age of the patients in the presented papers ranges from 75.3 to 83 years, sex ratio was
always in favor of women and ranged from 2.2/1 to 8/1. The variation in sex ratio can be explained by
the different inclusion criteria used (e.g., minimum age). Demographic data of our 138 patients—mean
age of 80.6 years and female to male ratio of 5.6/1—are situated in the middle of this spectrum of data.

Unilateral pubic ramus fractures were diagnosed in 94.2% and bilateral in 5.8%. These findings
are in accordance with data from other publications: Hill et al. found bilateral fractures in 3.5% in a
series of 286 consecutive patients [7], and Krappinger et al. in 6.6% in a series of 534 patients [8].

Only 10.9% of our patients presented without comorbidities. The very high rate of comorbidities
is a direct sign for the vulnerability of this patient population. Hypotensive drugs, impaired vision,
vertigo, walking impairment and intake of analgesics may be at the origin of their falls [26–28].
In a multidisciplinary approach, the reasons for the falls must be explored and treated, if possible.
Multidisciplinary co-management prevents recurrent falls and further deterioration of the patient’s
condition [29].

Complication rate within hospital-stay was 16.5%, urinary tract infection and pneumonia being
the most frequent complications. For comparison, van Dyck et al. registered 20.2% of in-hospital
complications, of which urinary tract infection and pneumonia also were the most frequent [18].
Banierink et al. calculated a complication rate of 23% within 30 days after injury, in which delirium
was included, whereas the last was not represented in other studies [20]. In-hospital complications
occurred more often in patients with a longer hospital stay and with more comorbidities. It is therefore
most important for reducing the length of hospital stay while providing uninterrupted medical care
and continuous support for mobilization.

One-year mortality of our patients was three times higher than in the reference population.
One-year mortality rate of our male patients was 19.1%, of our female patients 16.2%. The one-year
mortality rates in the reference population are 5.9% for males and 4% for females [24].

In the studies listed in Table 4, there always is an excess mortality in FFP patients when compared
with the general population of the same age, be it in Scotland, the Netherlands, Austria, or Germany.
As in the publications of Krappinger [8] and Banierink [20], we found a strong dependence of the
one-year mortality on age: the rates of our patients below and above the age of 80 were 8.8% resp.
22.2%. In both groups below and above the age of 80, mortality rates exceeded the rates of the general
population. We did not find a remarkable difference in the one-year mortality between our study
population without involvement of the posterior pelvic ring and other study populations, in which at
least a part had involvement in the posterior pelvic ring. The one-year mortality rate of 16.7% in our
patient cohort is situated at the lower end of data given in the published series in Table 4, ranging from
11.2% [8] to 26.8% [20].

More than three quarters of surviving patients could be reached for follow-up. We registered a
clear reduction of the level of independence at follow-up. The percentage of patients living independent
at home dropped from 61.1% to 37.5%, and the rate of patients living in a nursing home increased
from 8.3% to 19.4%. The median PMS of our patients was 4. PMS rates mobility at home (3 points),
mobility out of home (3 points), and shopping (3 points). The score has a minimum of 0 (immobility)
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and a maximum of 9 (independent mobility). Our patients scored low, which means that most of them
needed help in their activities of daily life. These data are also supported by the EQ-5D-Index Value of
our patients being 0.62. This value is 0.78 for a previously described German patient population older
than 75 years of age [30]. Unsurprisingly, there was a significant positive correlation between quality
of life (EQ-5D-Index Value) and mobility (PMS). Patients with more comorbidities had a lower quality
of life and were less mobile. With these data, it becomes clear that isolated pubic ramus fractures
cannot be regarded merely as “tissue damage”. The results of our study show a similarity instead
between the natural course of patients with an FFP Type I and patients with more unstable types of FFP,
as shown in Table 4. As the origin of the fragility fractures can be multifactorial, a multidisciplinary
co-management is needed for the treatment of existing comorbidities [29].

Patients scored on average 3 points in their subjective sensation of pain, depicted in the NRS. NRS
scores range from 0 (no pain) to 10 (unbearable pain) [15]. A value of three points means that patients
suffer from a lower degree of continuous burden in their daily life, even after a follow-up of at least
one year.

One fifth of our patients suffered an additional fragility fracture during follow-up, whereas only
45.2% took anti-resorptive medication. The additional fractures do not occur immediately but rather
later during follow-up, in our series after a median of 123 weeks. van Dyck published a rate of 24.1%
additional fractures of which the majority occurred in the first 24 months [18]. Maier et al. found
that only 50% of their 93 patients received anti-osteoporotic therapy [19]. Suhm et al. stated that
only 46% of their 50 follow-up patients received any form of anti-resorptive therapy and additional
fractures occurred in 22% [31]. Although the occurrence of isolated pubic rami fractures is a serious
adverse event for elderly persons, prevention of further fractures with anti-resorptive drugs seems
not to be widely accepted. One important part of geriatric co-management is exploration of bone
metabolism and treatment of osteoporosis for the prevention of the occurrence of additional fragility
fractures [29,31].

This study has several limitations. It concerns a retrospective study, in which patients were
recruited over a time of more than 10 years. The follow-up time varied from one to more than seven
years. The influence of pubic ramus fractures on mobility, level of independency, and quality of life
may become less important with greater time interval. We could not compare our data with other
series of patients with FFP Type I, as they are not available in literature. We compared our results with
those of patient series, which also involved fractures of the posterior pelvic ring and found several
similarities. The published series so far are not completely comparable with our patient group, but—to
the best of our knowledge—represent the most comparable data available. From our data, we cannot
give recommendations for a different, more specific type of conservative treatment of the fractures
themselves. Our data rather show that pubic ramus fractures arise as the consequence of co-existing
problems of different origin. These problems should be explored and treated by multidisciplinary
geriatric co-management [29].

5. Conclusions

Pubic ramus fractures without involvement of the posterior pelvic ring are serious adverse events
for elderly persons. They are much more than merely a tissue damage, which can be treated with
careful neglect. They have a direct influence on level of independence, mobility, and quality of life of
these patients. One-year mortality is three times as high as in a reference population. Pubic ramus
fractures are a warning signal of the patient to his/her medical caretakers and simultaneously a demand
for exploration and treatment of comorbidities, which may lead to recurrent falls, additional fragility
fractures, and further deterioration of his/her general condition.
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Abstract: Background: In polytrauma (PT) patients, osseous thoracic injuries are commonly observed.
One of the most severe injuries is the flail chest where the rib cage is broken in such a way that leads
to a partial functional detachment of the thoracic wall. Especially in PT patients, the integrity of the
respiratory system and especially, of the respiratory muscles is essential to prevent respiratory failure.
Besides conservative treatment options, flail chest injuries may be surgically stabilized. However,
this treatment option is rarely carried out and evidence on the outcome of surgically treated flail
chest patients is rare. Objective: This study intends to investigate the clinical outcome of PT patients
with the diagnosis of a flail chest who received an osteosynthetic stabilization for that compared
to the same group of patients without an operative treatment. The between-groups outcome was
compared regarding the duration of the total hospital and the intensive care unit (ICU) stay, the total
of the invasive ventilation days, the incidence of pneumonia, and the dosage of the pain medication
at the hospital discharge. Methods: A retrospective analysis was conducted including all PT patients
who received an osteosynthetic stabilization of a flail chest. Furthermore, another cohort of PT
patients and the diagnosis of a flail chest but without operative treatment was determined. Both
groups were case-control matched for the Injury Severity Score (ISS) and age. Further statistical
analysis was performed using the Wilcoxon signed-rank test and the McNemar’s test. Results: Out of
eleven operatively and 59 conservatively treated patients, eleven patients per group were matched.
Further analysis revealed no significant differences in the normal ward treatment duration (5.64 ±
6.62 and 6.20 ± 5.85 days), the invasive ventilation duration (was 6.25 ± 7.17 and 7.10 ± 6.14 days),
the morphine equivalent dosage of the oral analgesia (61.36 ± 67.23 mg and 39.67 ± 65.65 mg), and
the pneumonia incidence (36.4 and 54.5%) when conservatively and operatively treated patients were
compared, respectively. However, surgically treated patients had a longer ICU (25.18 ± 14.48 and
15.27 ± 12.10 days, Z = −2.308, p = 0.021) and a longer total hospital treatment duration (30.10 ± 13.01
and 20.91 ± 10.34 days, Z = −2.807, p = 0.005) when compared to conservatively treated patients.
Conclusion: In the present study cohort, there was no outcome difference between conservatively and
operatively treated patients with the diagnosis of a flail chest regarding the normal ward treatment
duration, the invasive ventilation duration, the morphine equivalent dosage of the oral analgesia,
and the pneumonia incidence while ICU treatment duration and hospital treatment duration was
longer in operatively treated patients.
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1. Introduction

In 2018, the TraumaRegister® DGU counted 17,664 severely injured trauma patients, who were
admitted to a hospital in Germany. Out of these, 4735 patients met the criteria of a polytrauma (PT) [1].

In PT patients, severe injuries of the thorax are regularly observed. At least 53.2% of the PT
patients after a fall from a height [2], 42.8% of the pedestrians, and 60.1% of the motor vehicle occupants
with a blunt trauma [3] presented with a severe injury of the thorax with an Abbreviated Injury Scale
(AIS) [4] ≥ 3. Osseous injuries of the thorax are associated with a high level of pain [5] and, potentially,
with a longer hospital stay and a prolonged invasive ventilation, especially when associated with
sternal fractures [6]. Accordingly, a surgical stabilization of flail chest injuries might entail avoiding
such issues. Yet, evidence of the benefits on patient outcome following surgical flail chest treatment
is rare.

There is one meta-analysis comparing three randomized controlled trials (RCTs) of traumatic
flail chests which concludes that surgical stabilization of a flail chest leads to a lower incidence of
pneumonia, a shorter duration of mechanical ventilation, and a shorter length of intensive care unit
(ICU) stay [7]. The authors of the primary studies used heterogenous inclusion criteria, surgical
indications, and surgical methods [8–10] which might be the reason for the data heterogeneity observed
by the authors of the meta-analysis [7].

Therefore, we conducted a retrospective study with a case-control matched cohort of PT patients
and the diagnosis of a flail chest. Uniquely, there was no exclusion of patients because of any associated
injury. Patients who received a surgical stabilization of the rib cage were compared to a conservative
treatment group. The between-groups outcome was compared regarding the length of the hospital
and the ICU stay, the invasive ventilation days, the incidence of pneumonia, and the dosage of the
pain medication at the hospital discharge.

2. Methods

A retrospective analysis was conducted between January 2012 and December 2019 concerning
all patients transmitted to the Campus Virchow clinic of the Center for Musculoskeletal Surgery of
the Charité–University Medicine Berlin, a German level 1 trauma center. The electronic medical data
system used at this clinic, SAP (SAP ERP 6.0 EHP4, SAP AG, Walldorf, Germany), was searched for PT
patients in the aforementioned time span. PT patients were defined as patients whose clinically and
radiographically objectified injuries counted up to an ISS ≥ 16. Therefore, the recorded diagnoses codes
of the 10th version of the International Classification of Diseases (ICD-10) and the injuries described
in the radiology reports were manually translated to their specific AIS codes in the version of 2005.
The Injury Severity Score (ISS) was calculated by adding up the squares of the AIS codes of the three
most injured body regions [11]. Furthermore, regarding the already described limitations of such
scoring systems in patients with injuries of one region, solely [12], it was decided to include patients
as previously described only when matching to the ‘Berlin Definition’ [13], as well. Patients who
preclinically died or passed away after hospital but before ICU admittance were excluded from any
further analysis.

Out of these patients, those with a flail chest according to the documented clinical and radiographic
findings were included in the subsequent analysis. Flail chest was defined as either at least three
contiguous ribs with segmental fractures or more than five adjacent rib fractures. All patients meeting
the described criteria were included in the definite analyses. Demographic data were assessed, such
as sex, age, the dates of hospital admittance, ICU discharge, and hospital discharge and morphine
equivalent dosage at hospital discharge.

During the hospital stay, some of the included patients required secondary osteosynthetic
stabilization of their rib cage. The indication for that intervention was made in a multidisciplinary
approach both with trauma surgeons and intensive care physicians. Surgery was planned only if both
disciplines agreed on the necessity of a surgical chest wall stabilization. At our clinic, PT patients with
the radiographic diagnosis of a flail chest were selected for surgery when they presented a clinically
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observed paradoxical breathing pattern that lead to a prolonged weaning process. A paradoxical
breathing pattern was defined as a flail segment moving inward due to the negative pleural pressure
during regular inspiration while the rest of the thoracic wall physiologically moved outward [14].
A prolonged weaning process was defined as a futile extubation attempt ≥48 h or the necessity of a
re-intubation within 48 h and, in the meantime, an observed paradoxical breathing pattern.

At our clinic, the MatrixRib™ system (DePuy Synthes, Raynham, MA, USA) was used for such
operations. Commonly, this intervention was performed by an anterolateral thoracotomy. Following
an exploration of the thoracic cavity and, depending on the injuries found, appropriate interventions
such as evacuation of a hemothorax, coagulation of an active intrathoracic bleeding or overhaul of
injured lung parenchyma, the rib cage was reconstructed. Therefore, the ribs beyond and above the
thoracotomy as well as another more cranial rib were reduced and stabilized using plates out of
the aforementioned osteosynthetic system. Furthermore, a thoracic drainage was inserted and the
operation site was closed in a usual manner using non-resorbable sutures.

In order to avoid confounding when comparing conservatively and operatively treated patients
with a flail chest, a case-control matching in the mentioned subgroups was performed. Tolerance limits
were set as ± four and ± five and, correspondingly, patients were matched for ISS [15] and for age [16],
respectively, in a ratio of 1:1.

The statistical analysis was performed using SPSS (SPSS Statistics for Mac OS, Version 25, IBM
Corp., Armonk, NY, USA). Initially, the implemented case-control matching was used to create
a matched case-control cohort of conservatively and operatively treated flail chest cases in the
aforementioned manner. The resulting data were analyzed for normal distribution using histograms,
Q-Q plots, and the Shapiro–Wilk test. Accordingly, the Wilcoxon signed-rank test and the McNemar’s
test were used for dependent samples. Unless stated otherwise, values are represented as mean ± SD.
All p-values are two-tailed and p-values ≤ 0.05 were considered statistically significant.

3. Results

3.1. Demographic Data of the Study Cohort

Regarding the described inclusion criteria, a total of 70 PT patients (17 females, 53 males) with a
flail chest were included in the analysis. The entire demographic data of the study cohort are displayed
in Table 1.

Table 1. Demographic overview of the study cohort.

Total Sample
(N = 70)

Conservative Treatment
(N = 59)

Operative Treatment
(N = 11)

sex (female/male) 17/53 17/42 0/11

age [years] 50.69 ± 16.18
(range 16–82)

51.46 ± 16.25
(range 16–81)

46.55 ± 15.85
(range 29–82)

ISS 33.24 ± 12.17
(range 16.0–75.0)

33.97 ± 12.07
(range 16–75)

29.36 ± 12.55
(range 16–57)

Flail chest (unilateral/bilateral) 50/20 48/11 2/9

Pneumonia (no/yes) 39/31 34/25 5/6

Morphine equivalent dosage [mg p. o.] 100.65 ± 236.95
(range 0–1200.0)

111.0 ± 253.87
(range 0–1200.0)

39.67 ± 65.65
(range 0–180.0)

Hospital treatment [days] 23.90 ± 13.69
(range 1.0–68.0)

22.85 ± 13.63
(range 1.0–68.0)

30.10 ± 13.01
(range 12.0–54.0)

Intensive care unit treatment [days] 17.91 ± 14.59
(range 1.0–68.0)

16.56 ± 14.33
(range 1.0–68.0)

25.18 ± 14.48
(range 5.0–48.0)

Normal ward treatment [days] 6.28 ± 7.61
(range 0–35.0)

6.29 ± 7.91
(range 0–35.0)

6.20 ± 5.85
(range 0–15.0)

Invasive ventilation [days] 7.93 ± 9.10
(range 0–42.0)

8.17 ± 9.85
(range 0–42.0)

7.10 ± 6.14
(range 0–19.0)

ISS injury severity score, p. o. per os.
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In the conservative treatment group, 13 (22.0%) patients were regularly sent home, twelve
(20.3%) patients were discharged to an intensive care rehabilitation program, and 28 (47.5%) patients
were discharged to a regular care rehabilitation program. In the operative treatment group,
three (27.3%) patients were regularly sent home, three (27.3%) patients were discharged to an
intensive care rehabilitation program, and four (36.4%) patients were discharged to a regular care
rehabilitation program.

In the conservative treatment group, six patients (10.2%) died during the primary hospital
stay. One patient (1.7%) died of a pulmonary embolism, three patients (5.1%) of a post-hypoxic
cerebral edema >24 h after hospital admittance, and in two patients (3.4%), a palliative therapy was
multidisciplinarily chosen after the primary computed tomography scan. In the operative treatment
group, one patient (9.1%) died of a pulmonary embolism.

3.2. Demographic Data of the Case-Control Matched Cohort

Following the case-control matching, eleven patients (3 females, 19 males) remained in the
conservative treatment group. Those were matched with the operative treatment group. None of
the conservatively treated patients died during the primary hospital stay, but one surgically treated
patient (male, 52 years old, ISS 20) died of a pulmonary embolism at day 18 after the primary hospital
admission. The demographic data of the case-control matched cohort are represented in Table 2. There
were no surgical site complications noted during the hospital stay.

Table 2. Demographic overview of the case-control matched cohort.

Conservative Treatment
(N = 11)

Operative Treatment
(N = 11)

sex (female/male) 3/8 0/11

age [years] 46.18 ± 13.78
(range 25–77)

46.55 ± 15.85
(range 29–82)

ISS 29.27 ± 11.58
(range 20–57)

29.36 ± 12.55
(range 16–57)

Flail chest (unilateral/bilateral) 11/0 2/9

Pneumonia (no/yes) 7/4 5/6

ISS injury severity score, p. o. per os.

In the conservative and in the operative treatment group, four (36.36%) and three (27.27%) patients
were regularly sent home, two (18.18%) and three (27.27%) patients were discharged to an intensive
care rehabilitation program, and five (45.45%) and four (36.36%) patients were discharged to a regular
care rehabilitation program, respectively.

3.3. Outcome Analysis of the Case-Control Matched Cohort

While patients of the conservative treatment group stayed at the hospital for 20.91 ± 10.34 days
(range 7.0–36.0 days), patients of the operative treatment group stayed for 30.10 ± 13.01 days (range
12.0–54.0 days). This difference was statistically significant (Z = −2.807, p = 0.005).

During that time, conservatively treated patients stayed at the ICU for 15.27 ± 12.10 days (range
1.0–36.0 days) and at the normal ward for 5.64 ± 6.62 days (range 0–17.0 days). Operatively treated
patients stayed at the ICU for 25.18 ± 14.48 days (range 5.0–48.0 days) and at the normal ward for 6.20
± 5.85 days (range 0–15.0 days). The difference in the ICU treatment duration significantly differed
between groups (Z = −2.308, p = 0.021), while the difference of the normal ward treatment duration
did not reach significance between groups (Z = −1.054, p = 0.292).
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During the ICU stay, patients conservatively treated stayed for 6.25 ± 7.17 days (range 0–20.0
days) and patients operatively treated stayed for 7.10 ± 6.14 days (range 0–19.0 days). The differences
between groups did not significantly differ (Z = −1.192, p = 0.233).

At the time of hospital discharge, conservatively treated patients needed an equivalence of 61.36
± 67.23 mg (range 0–195.0 mg), while operatively treated patients needed an equivalence of 39.67 ±
65.65 mg (range 0–180.0 mg) oral morphine as a pain medication. The differences between groups did
not reach significance (Z = −0.845, p = 0.398).

A total of four patients (36.4%) out of the conservatively treated and six patients (54.5%) out of the
operatively treated group received antibiotic treated due to the clinical and radiographic diagnosis of a
pneumonia. This difference did not reach significance (p = 0.687).

Figure 1 displays the outcome of the case-control matched cohort regarding the intensive care
unit treatment duration, the regular ward treatment duration, the total hospital treatment duration, the
invasive ventilation treatment duration, and the morphine equivalent dosage at hospital discharge.

Figure 1. Overview of the outcome of the case-control matched cohort. (a) depicts the duration of the
intensive care unit treatment duration which was 15.27 ± 12.10 and 25.18 ± 14.48 days in conservatively
and operatively treated patients, respectively (Z = −2.308, p = 0.021). (b) depicts the duration of the
normal ward treatment duration which was 5.64 ± 6.62 and 6.20 ± 5.85 days in conservatively and
operatively treated patients, respectively (Z = −1.054, p = 0.292). (c) depicts the total hospital treatment
duration which was 20.91 ± 10.34 and 30.10 ± 13.01 days in conservatively and operatively treated
patients, respectively (Z = −2.807, p = 0.005). (d) depicts the duration of the invasive ventilation which
was 6.25 ± 7.17 and 7.10 ± 6.14 days in conservatively and operatively treated patients, respectively
(Z = −1.192, p = 0.233). (e) depicts the pain medication at the time of hospital discharge as morphine
equivalent dosage. This was 61.36 ± 67.23 mg and 39.67 ± 65.65 mg in conservatively and operatively
treated patients, respectively (Z = -0.845, p = 0.398). * p ≤ 0.05, ** p ≤ 0.01, n. s. not significant.
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4. Discussion

The presented study investigated clinical outcome differences in a matched case-control cohort
of PT patients with the diagnosis of a flail chest. While the normal ward treatment duration, the
invasive ventilation duration, the morphine equivalent dosage of the oral analgesia at the time of
hospital discharge, and the pneumonia incidence did not significantly differ between groups, the
ICU and the total hospital treatment duration were significantly longer when the flail chests were
surgically stabilized.

Granhed and Pazooki provided a prospective cohort study including 60 patients who received a
chest wall stabilization due to a flail chest. The definition of the flail chest as an indication for surgery
and the surgical procedure were very similar to the ones mentioned above. The authors compared that
cohort with historical controls who did not receive surgery and found a significantly shorter invasive
ventilation duration for operated patients [15]. This is supported by some authors who had similar
results [8], while others did not find any significant difference between groups [10]. However, Granhed
and Pazooki did not match for the ISS which was 30.9 ± 13.3 in the historical cohort compared to 21.7
+ 10.7 in the primary analyzed cohort. The authors claimed that the ISS did not significantly differ
between groups. Regardless of that, they found a linear correlation between the ISS and the invasive
ventilation duration [15]. Therefore, the different ISS, although not reaching significance, should be
discussed as a potential confounder of the published results.

Nevertheless, the different results of previous authors [8,15] when compared to our results might
be a result of the point of time when surgery took place. While other authors reported an early
intervention, at our department the indication for a surgical intervention in flail chest patients is made
when other conservative treatment options repeatedly failed. This decision is made in the manner of a
last treatment option. This needs to be taken into account when comparing our results to previously
published data.

Farquhar et al. provided a retrospective cohort of 19 patients with a mean ISS of 31 who received
surgery for a flail chest injury. The included patients were matched for the AIS of the thoracic injury,
their age, and the AIS of the other injured regions with a historical cohort of conservatively treated
patients with a mean ISS of 29. The authors found significantly less invasive ventilation days, a shorter
ICU and hospital stay, and lower rates of pneumonia in the control group when compared to the
surgically treated group [17]. Other authors, on the other hand, found a lower pneumonia incidence
and a shorter ICU treatment duration [8,10] as well as a shorter total hospital treatment duration [10]
in surgically treated when compared to conservatively treated patients.

Another recent study by Caragounis et al. analyzed a prospective consecutive series of 49 patients
surgically treated due to a flail chest. The authors found a decreasing pain level as well as an improving
forced vital capacity (FVC) during the observation period of one year. However, the authors excluded
patients with severe head injury or any spinal cord injury which, as already described above, might
confound the cohort when PT patients are considered [18]. In the presented study, the morphine
equivalent dosage of the oral analgesia at the time of hospital discharge appeared to be lower following
surgery but the difference between groups did not reach significance. This might be a result of the
small study cohort. Olsén et al. provided a cohort of 31 prospectively acquired patients with a mean
ISS of 22 and the diagnosis of a flail chest who received surgical stabilization. These were compared
to 30 unmatched historical patients with a mean ISS of 18.5 who were treated conservatively for the
same diagnosis. The authors did not find any significant differences regarding pain and FVC in the
follow-up [19].

The currently available literature about the surgical stabilization of a flail chest is heterogenous
regarding the indication, the material used, the patient groups themselves, and the type of statistical
analysis. Concurrently more data in a RCT-design needs to be published in order to derive general
recommendations regarding the aforementioned intervention. Especially, the timing of a surgical
intervention for a flail chest in PT patients needs to be investigated. When used as a last treatment

104



J. Clin. Med. 2020, 9, 2379

option after conservative treatment failure, surgical flail chest stabilization cannot facilitate any benefits
regarding the outcomes observed in this study.

Perchance, algorithms such as the one provided by Bemelmann et al. [20] need to be taken
into account when such future studies are planned in order to generate some kind of standard
operating procedure.

Up until now, previous studies proved that several biomarkers are associated with infectious
complications as well as general outcome after polytrauma [21,22]. Moreover, authors were able to
show that fracture healing is connected with individual’s immune reaction [23–25]. Correspondingly,
the interactions between the immunoinflammatory mechanisms in polytrauma patient with associated
osseous thoracic injuries should be addressed in future study designs as well.

This study has both strengths and limitations. Firstly, the study was designed in a matched-case
control design including a matching for commonly known confounders. This effectively reduces
selection bias. However, both groups are not totally identical. Patients of the operatively treated cohort
had a bilateral flail chest more often than patients of the conservatively treated group. Although not
adequately represented in the ISS, a bilateral flail chest might potentially compromise the physiological
breathing mechanisms even more. Secondly, there was no patient exclusion because of any related
injuries. In such fashion, the general cohort of PT patients is adequately represented in this study. On
the other hand, the overall study population was low considering a total of 22 patients that could
matched. Future studies need to be designed to investigate a larger population in order to generate
more evidence for recommendations. Also, the severity of the thoracic injuries differed between groups.
In the conservative treatment group, all patients solely had a unilateral flail chest. In the operative
treatment group, only two patients had a unilateral flail chest, while nine patients had a bilateral flail
chest. This might compromise the patients’ outcomes and, therefore, needs to be taken into account
when comparing this study results to previously published data. Even though case-control matched,
the groups might not be completely identical. Lastly, a surgical chest wall stabilization was chosen as
a last treatment option. Correspondingly, operatively treated patients already stayed longer at the
ICU when the definite treatment procedure was chosen. This needs to be taken into account when
interpreting the presented data.

5. Conclusions

In the present study, there were no significant differences between flail chest patients who were
operatively treated when compared to conservatively treated patients regarding the length of the
regular ward stay, the invasive ventilation days, the morphine equivalent dosage at the time of hospital
discharge, and the pneumonia incidence. The ICU and the general hospital treatment duration were
longer in the surgically treated group.

However, neither from the presented nor from the already published data can a general
recommendation be derived. Especially in PT patients, data are lacking. There is a high need
for RCTs in order to generate such data. Until then, the indication for surgical stabilization of flail chest
injuries might remain as a last treatment option.
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Abstract: Aims: Considering the worldwide trend of an increased lifetime, geriatric trauma is
moving into focus. Trauma is a leading cause of hospitalization, leading to disability and mortality.
The purpose of this study was to compare the global health-related quality of life (HRQoL) of geriatric
patients with adult patients after major trauma. Methods: This multicenter prospective registry-based
observational study compares HRQoL of patients aged ≥65 years who sustained major trauma (Injury
Severity Score (ISS) ≥ 16) with patients <65 years of age within the trauma registry of the German
Trauma Society (DGU). The global HRQoL was measured at 6, 12, and 24 months post trauma using
the EQ-5D-3L score. Results: We identified 405 patients meeting the inclusion criteria with a mean
ISS of 25.6. Even though the geriatric patients group (≥65 years, n = 77) had a lower ISS (m = 24,
SD = 8) than patients aged <65 years (n = 328), they reported more difficulties in each EQ dimension
compared to patients <65 years. Contrary to patients <65, the EQ-5D Index of the geriatric patients
did not improve at 12 and 24 months after trauma. Conclusions: We found a limited HRQoL in both
groups after major trauma. The group of patients ≥65 showed no improvement in HRQoL from 6 to
24 months after trauma.

Keywords: health service research; management of major trauma; geriatric major trauma; outcome
research; patient-reported outcome

1. Introduction

Since the geriatric population is forecasted to further increase, tremendous challenges are coming
our way. The number of persons over 65 years of age in industrial societies is already over 20% and will
reach over 35% by 2060 [1]. It is likely that the number of severely injured geriatric patients will rise in
line with demographic trends. In 2017, a total of 26% of the patients included in the Trauma Register
DGU® of the German Trauma Society (DGU) were over 70 years old [2]. Physiological changes and
comorbidities of the elderly population are challenging factors in treatment. The likelihood of severe
impact on the quality of life even after minor injury increases with age, leading to hospitalization and
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impairment [3]. A generally decreased ability to tolerate stress imposed by traumatic incidents leads
to a significant increase in social costs and risk of mortality [4,5].

In general, major trauma research applies mortality for the measurement of initial trauma
severity and outcome [6]. Using patient-centered analysis methods like the multidimensional EQ-5D
(European Quality of Life 5 Dimensions) score requires a more demanding longitudinal follow up [7].
However, the personal consequences of major trauma are generally severe, which makes investigating
health-related quality of life (HRQoL) fundamentally necessary, especially in the vulnerable elderly
patient population.

The purpose of this study is to compare the progress of HRQoL in patients equal or over 65 years of
age to patients under 65 years of age after major trauma. We hypothesized that there is an impairment
in evolution of HRQoL after major trauma in the elderly.

2. Methods

In a multicenter prospective registry-based observational cohort study within the East Bavarian
trauma network (TNO), we monitored the development of health-related quality of life of adult
patients after major trauma (ISS ≥ 16). The TNO is part of the trauma registry of the German Trauma
Society (DGU), and consists of 25 hospitals. Two hospitals are maximum care facilities, 15 hospitals
provide basic care and 8 hospitals provide standard care [8]. We assured excellent quality of the
recorded data. As described in the methodical paper of this study by Koller et al. [9], substantial
effort has been made, to exclude confounding factors and bias. The study was approved by the Ethics
Committee of the University of Regensburg (reference number 10-101-0077). The study was funded by
a grant from the German Federal Ministry of Education and Research (reference number 01GY1153),
and was registered in the database of the German Network of Health Services Research (reference
number VfD_Polyqualy_12_001978), as well as in the German Clinical Trials Register (reference number
DRKS00010039).

Between March 2012 and February 2014, 2596 patients were treated for severe trauma and were
documented in the TNO data base. Overall, 56% of these patients (n = 1453 patients) had to be
excluded due to an Injury Severity Score (ISS) below 16. EQ 5D data were collected from 508 patients
between September 2012 and February 2016. For 456 patients, a match in both databases (TNO and
EQ 5D) was complete. For the present analyses, patients below the age of 18 years were excluded,
resulting in 405 patients with an age ≥ 18 years, ISS ≥ 16, and a HRQoL assessment (Figure 1). For the
maintenance of a representative sample and the evaluation of bias, we compared the baseline data of
included patients and patients lost to follow up. We found no clinically significant differences between
participants and the excluded patient population.

We used the web-based registry of the German Trauma Society (DGU) for data acquisition.
It contains 130 single items per patient. For the present study, the following baseline data were used:
sociodemographic data including age and sex, clinical data including level of care of the trauma center,
mechanism of injury, intensive care, intubation and duration of intubation, ISS, Glasgow Coma Scale
(GCS), ASA physical status (American Society of Anesthesiologists Score), Revised Injury Severity
Classification II (RISC II) and Functional Capacity Index (FCI).

Additionally, we assessed the global HRQoL, which was measured using the EQ-5D-3L at 6,
12, and 24 months after trauma. The first part of the EQ-5D evaluates the health status regarding
mobility, self-care, usual activities, pain/discomfort, and anxiety/depression. The responses were
dichotomized into no problems versus problems. Additionally, five dimensions were converted into
EQ index ranging from −0.21 (worst health) to 1.00 (best health) [10]. The second part of the EQ-5D-3L
measures the patient’s assessment of their current global health status and contains a 100 mm global
health visual analog scale (EQ VAS) ranging from 0 points (worst health) to 100 points (best health)
concerning the patient’s assessment of their current global health status. The EQ-5D is available in
German and validated [11].

110



J. Clin. Med. 2020, 9, 2356

Figure 1. Selection procedure of the study population.

The ISS assess the severity trauma based on the Abbreviated Injury Scale (AIS). Each injury of
the three most affected body regions is rated. The square of each score is then summed up to an ISS.
A major trauma is defined as an ISS ≥ 16 [12].

The RISC II is a prognostic score evaluating different factors at initial evaluation of trauma
patients. It comprises ten items of clinical and laboratory parameters to evaluate early mortality of the
patient [13].

The FCI is a score used to estimate the patient’s level of functional impairment within the following
year after trauma. It is based on ten physical functions which are evaluated and transformed into a
numerical score on a scale of 0–100. An index of 100 represents no functional limitation [14].

3. Statistics

Statistical analysis was performed using the software package SPSS (Version 25, SPSS Inc, Chicago,
IL, USA). The level of significance was set at p ≤ 0.05 for all tests. Data analyses were of an exploratory
manner. Thus, no adjustments for multiple testing were conducted. Missing values were not imputed.
The study was conducted in the context of health services research. No sample size calculation was
conducted, as all patients were treated for major trauma between March 2012 and February 2014 with
EQ 5D data, and at least at one of the three measurement time points were included.

Descriptive analyses were done using frequency (n), percentage (%), mean (m), standard deviation
(sd), 95% confidence interval (95% CI), median (med), and interquartile range (IQR). Chi-square tests
were used for categorial data and U-tests were used for metric data, in order to compare baseline
characteristics of geriatric patients (≥65 years) and patients under the age of 65 years. Fisher-exact
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tests were used to compare five EQ dimensions (no problem versus any problem) between both
patient groups.

Linear mixed models (maximum likelihood method, unstructured repeated covariance type) were
used to evaluate repeated measures of HRQoL (i.e., EQ index and EQ VAS) 6, 12, and 24 months after
trauma within and between patient groups (interaction effect time * patient group). Additionally,
covariates RISC II (main effect) and FCI (main effect) and AIS for the body regions head, face, thorax,
abdomen, extremities, and soft tissue (main effects) were included in the linear mixed linear models
to adjust for injury severity. The mixed linear models use the full data set, and thus will give
unbiased estimates.

4. Results

4.1. Baseline Characteristics

Four hundred and five patients met the inclusion criteria (Figure 1). There were 328 (81%) patients
under 65 years of age and 77 (19%) patients aged 65 years or older. Overall, 72% of the patients
were male. The majority (57%) of the patients were treated in a level II trauma center. Most patients
sustained a high-velocity trauma in a traffic accident (32%). Most patients had to be treated in the
intensive care unit (91%) and 52% of the patients had to be intubated. The mean time of intubation
was 9 days (sd = 10). The mean ISS was 26 (sd = 10), the mean RISC II was 7 (sd = 15), and the mean
FCI was 4 (sd = 1). Table 1 presents the baseline characteristics for the total sample and separately for
geriatric patients and for patients under the age of 65 years and the mechanism of injury.

Table 1. Baseline characteristics of the study population.

Patients < 65 years
n = 328

Patients ≥ 65 years
n = 77

p Value

Age (in years) 43.0 (24.3/53.0) 73.0 (70.0/78.0) <0.001

Sex
male 245 (74.7%) 45 (58.4%)

0.007female 83 (25.3%) 32 (41.6%)

Level of Trauma Center Facility
Level I 131 (39.9%) 21 (27.3%)

0.001Level II 186 (56.7%) 46 (59.7%)
Level III 11 (3.4%) 10 (13.0%)

ISS 22.0 (18.0/30.0) 20.0 (17.0/27.5) 0.018
AIS head 2.0 (0/3.0) 2.0 (0/4.0) 0.513
AIS face 0 (0/0) 0 (0/0) 0.251
AIS thorax 3.0 (2.0/4.0) 3.0 (0/4.0) 0.937
AIS abdomen 0 (0/2.00) 0 (0/2.0) 0.186
AIS extremities 2.0 (0/3.0) 2.0 (0/2.5) 0.020
AIS soft tissue 0 (0/1.0) 0 (0/1.0) 0.995

RISC II 1 1.2 (0.7/3.9) 6.3 (2.2/16.5) <0.001

FCI 2 4.0 (2.0/5.0) 5.0 (3.0/5.0) 0.073

ASA physical status 3 1.0 (1.0/1.0) 2.0 (2.0/3.0) <0.001

GCS 4 15.0 (12.0/15.0) 15.0 (13.8/15.0) 0.266

Type of injury
blunt 309 (96.3%) 73 (97.3%)

1.000penetrating 12 (3.7%) 2 (2.7%)

In hospital stay (in days) 15.6 (9.8/24.5) 17.0 (11.1/26.9) 0.215
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Table 1. Cont.

Patients < 65 years
n = 328

Patients ≥ 65 years
n = 77

p Value

Emergency surgery
no 215 (70.0%) 55 (80.9%)

0.075yes 92 (30.0%) 13 (19.1%)

Time between accident and emergency
surgery (in hours) 5 3.0 (2.4/4.5) 3.6 (1.9/6.4) 0.599

stabbing

33.8% 27.0%
22.8% 4.1%
6.5% 9.5%
4.0% 10.8%
16% 13.5%
8.6% 20.3%
1.2% 0.0%
3.2% 5.4%
0.6% 0.0%

Data show median (IQR) for metric variables or number of patients (%, column percentage of all patients without
missing values) for categorical variables; Level of Trauma Center Facility; Injury Severity Score (ISS); Revised Injury
Severity Classification Score II (RISC II); Functional Capacity Index (FCI); ASA physical status (American Society
of Anesthesiologists Score); Glasgow Coma Scale (GCS); p-value (comparison of patient age groups): U-test or
Chi-squared test. 1 n = 300/n = 68; 2 n = 327/n = 77; 3 n = 309/n = 70; 4 n = 292/n = 62; 5 n = 85/n = 12.

4.2. Quality of Life

The EQ-5D dimensions at 6, 12, and 24 months after trauma are presented for geriatric patients
(≥65 years) and patients under 65 years of age (Figures 2–4). In general, severe trauma patients reported
more difficulties in all five HRQoL dimensions than the German general population. Geriatric patients
reported significantly more impairment than patients under the age of 65 years of age. Significant
differences between geriatric patients (≥65 years) and patients under 65 years of age were found
for self-care at 6 months (p = 0.046), 12 months (p = 0.003), and 24 months post-trauma (p = 0.036).
Significant differences between age groups were also found in mobility 12 months after trauma
(p = 0.014).

Figure 2. Reported problems in EQ-5D-3L dimension 6 months after trauma (European Quality of Life
5 Dimensions 3 Level Version).
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Figure 3. Reported problems in EQ-5D-3L dimensions 12 months after trauma (European Quality of
Life 5 Dimensions 3 Level Version).

Figure 4. Reported problems in EQ-5D-3L dimension 24 months after trauma (European Quality of
Life 5 Dimensions 3 Level Version).

The results of the mixed linear models support the notion that FCI, RISC II, AIS face, as well as
AIS extremities, and ASA physical status have an impact on quality of life (Table 2). The EQ index and
EQ VAS decreased with increasing RISC II as well as increasing ASA physical status, and increased
with increasing FCI. With increasing AIS extremities, the EQ index and EQ VAS decreased.

Table 2 presents results of the main effects of AIS indices on quality of life.
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Table 2. Impact of injury severity on quality of life.

Estimate 95% CI p Value

EQ index

FCI 0.04 0.02 0.06 <0.001
RISC II −0.003 −0.005 −0.001 0.001
AIS head −0.01 −0.02 0.01 0.315
AIS face 0.03 0.00 0.06 0.026
AIS thorax −0.01 −0.03 0.01 0.198
AIS abdomen 0.01 −0.01 0.03 0.178
AIS extremities −0.02 −0.04 0.00 0.016
AIS soft tissue −0.01 −0.04 0.03 0.742
ASA physical status −0.08 −0.12 −0.03 <0.001

EQ VAS

FCI 2.50 0.98 4.02 0.001
RISC II −0.23 −0.38 −0.09 0.001
AIS head −0.25 −1.60 1.09 0.712
AIS face 1.86 −0.46 4.18 0.116
AIS thorax 0.18 −1.16 1.52 0.789
AIS abdomen 1.20 −0.24 2.64 0.101
AIS extremities −2.01 −3.49 −0.53 0.008
AIS soft tissue 0.26 −2.41 2.93 0.847
ASA physical status −7.20 −10.63 −3.77 <0.001

Mixed linear models were used to assess the course of quality of life between patients aged <65 years and aged
≥65 years. These models were adjusted for injury severity measured by RISC II, FCI, AIS for each body region, and
ASA physical status. Estimates of these injury severity parameters are presented.

Geriatric patients (≥65 years) reported a lower EQ index and EQ VAS 12 months and 24 months
after trauma than patients under the age of 65 years (p-values < 0.012, (Table 3, Figures 5 and 6). The EQ
index as well as the EQ VAS of geriatric patients (≥65 years) did not significantly change from 6 to
24 months after trauma (Table 3, Figures 5 and 6). The EQ index as well as the EQ VAS of patients under
65 years of age increased significantly from 6 to 12 to 24 months after trauma (Table 3, Figures 5 and 6).
Post hoc tests showed that the EQ index of patients under the age of 65 years increased significantly
from 6 to 12 months post trauma (p = 0.037), and from 12 to 24 months post trauma (p = 0.028).
Moreover, EQ VAS was significantly lower 6 months post trauma than 12 as well as 24 months post
trauma (p values < 0.001), but did not differ between 12 and 24 months post trauma (p = 0.664).

Table 3. Course of quality of life data depending on age.

6 Months Post Trauma 12 Months Post Trauma 24 Months Post Trauma
p Value 2

n m 95% CI n m 95% CI n m 95% CI

EQ Index

<65 years 256 0.70 0.66 0.74 268 0.74 0.70 0.77 247 0.77 0.74 0.81 0.004
≥65 years 55 0.69 0.61 0.77 55 0.69 0.61 0.76 44 0.73 0.64 0.81 0.558

p value 1 0.755 0.232 0.304

EQ VAS

<65 years 262 61.2 58.2 64.2 268 69.3 66.6 72.1 248 68.8 65.9 71.6 <0.001
≥65 years 55 59.4 53.2 65.6 55 62.7 57.0 68.5 45 63.8 57.3 70.3 0.262

p value 1 0.618 0.051 0.177

Differences in quality of life between age groups and the course of quality of life within each age group were
assessed by mixed linear models. Presented are the means (95% CI) of EQ index and global health visual analog
scale (EQ VAS) for patients aged <65 years aged≥ 65 years 6, 12, and 24 months after trauma adjusted for RISC
II, FCI, AIS for six body areas, ASA physical status, and sex. AIS, Abbreviated Injury Scale; RISC II, Revised
Injury Severity Classification Score II; FCI, Functional Capacity Index; ASA physical status, American Society of
Anesthesiologists Score; 1 p-value of differences between age groups; 2 p-value of course of quality of life over time
with each age group.
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Figure 5. EQ index, adjusted for RISC II and FCI, of patients <65 years and ≥65 years of age 6, 12, and
24 months after trauma.

Figure 6. EQ VAS of patients <65 years and ≥65 years of age 6, 12, and 24 months after trauma.

The EQ index after 6, 12, and 24 months did not differ between male and female patients (Table 4).
Moreover, the EQ index did not change over time within female and male patients (Table 4). Within
male patients, no changes in EQ VAS from 6 to 24 months after trauma were found (Table 4). The EQ
VAS of female patients increased significantly from 6 to 12 to 24 months after trauma (Table 4). Post hoc
tests showed that EQ VAS was significantly lower 6 months post trauma than 12 as well as 24 months
post trauma (p values < 0.001), but did not differ between 12 and 24 months post trauma (p = 0.736).
However, female patients started with significantly lower EQ VAS than male patients (p = 0.036).
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Table 4. Course of quality of life data depending on sex.

6 Months Post Trauma 12 Months Post Trauma 24 Months Post Trauma
p Value 2

n m 95% CI n m 95% CI n m 95% CI

EQ Index

male 220 0.72 0.67 0.78 232 0.72 0.68 0.77 212 0.76 0.72 0.81 0.193
female 91 0.67 0.60 0.74 91 0.70 0.64 0.76 79 0.74 0.67 0.81 0.242

p value 1 0.209 0.546 0.548

EQ VAS

male 226 63.8 59.8 67.8 232 65.8 62.1 69.5 213 65.4 61.6 69.3 0.413
female 91 56.8 51.6 62.1 91 66.3 61.4 71.1 80 67.1 61.5 72.7 <0.001

p value 1 0.036 0.883 0.614

Differences in quality of life between male and female patients and the course of quality of life within each sex were
assessed by mixed linear models. Presented are the means (95% CI) of EQ index and EQ VAS for male and female
patients 6, 12, and 24 months after trauma adjusted for RISC II, FCI, and AIS for six body areas, ASA physical status,
and age. AIS, Abbreviated Injury Scale; RISC II, Revised Injury Severity Classification Score II; FCI, Functional
Capacity Index; ASA physical status, American Society of Anesthesiologists Score; 1 p-value of differences between
age groups; 2 p-value of course of quality of life over time with each age group.

The EQ index as well as the EQ VAS of geriatric patients (≥65 years) did not significantly change
from 6 to 24 months after trauma (Table 3, Figures 5 and 6 ). The EQ index as well as the EQ VAS of
patients under 65 years of age increased significantly from 6 to 12 to 24 months after trauma (Table 3,
Figures 5 and 6). Post hoc tests showed that the EQ index of patients under the age of 65 years increased
significantly from 6 to 12 months post trauma, and from 12 to 24 months post trauma.

Moreover, EQ VAS was significantly lower 6 months post trauma than 12 as well as 24 months
post trauma, but did not differ between 12 and 24 months post trauma.

5. Discussion

To our knowledge, this is the first study comparing HRQoL after major trauma in different age
groups with a focus on geriatric patients. We found a limited HRQoL in geriatric patients up to
24 months after major trauma. Contrary to patients under the age of 65 years, geriatric patients showed
no significant improvement in HRQoL (EQ index and EQ VAS) from 6 to 24 months after trauma.

The influence of age on mortality in severe injuries is a topic of ongoing research. Demetriades
et al. found that geriatric trauma patients have a higher mortality in general, compared to younger
patients, even after minor injury. Concordant with our results, they found that geriatric patients are
also more likely to need intensive care unit (ICU) treatment and operations [15]. Kühne et al. and
Morris et al. found that mortality rises with increasing age, regardless of ISS [16]. This is concordant
with the findings in our study: The elderly had a lower mean ISS but a greater impairment in HRQoL.
Grossman found that elderly trauma patients suffer more significant injuries compared to a younger
cohort and have a higher mortality rate [17,18]. Sterling et al. found that death after same-level falls
as a cause of death were 10 times more likely in the elderly [19]. The increased comorbidities in the
elderly are often the reason for injury and contribute to worse outcome [4]. The unequal distribution of
patients in the two groups in our study represents the typical age structure in major trauma. However,
with a demographic trend towards the inverted population pyramid, a shift is to be expected. Rising
numbers of elderly people will probably lead to an increase in geriatric trauma. Moreover, the baby
boomers are starting to grow into the geriatric age group. It is assumed that this generation has a higher
risk propensity [20] and a strong desire for optimum care and physical fitness and participation [21].
Therefore, this topic is gaining even more importance.

As life expectancy increases, the probability of comorbidities such as osteoporosis, leading to
complex injury patterns even after minor traumatic incidents, also increases [22,23]. A systematic
review and meta-analysis of several articles by Sammy et al. investigated contributing reasons
for mortality in geriatric trauma patients. The factors affecting mortality included age and gender,
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comorbidities and medication (especially blood-thinning medication), as well as injury type and
severity. Interestingly, mortality after low-level falls in the elderly was shown to be higher than after
high velocity injuries [24–27]. In our study, low-level falls were the second most common reason
for major trauma in geriatric patients. Falls are a common mechanism for geriatric trauma patients.
Even though they present an overall lower ISS, they often sustain severe injuries to the head [28].
Unsteady gait, vision, hearing, and polypharmacy increase the risk of collapse, and anticoagulation
medication increases the risk of hemorrhage [29]. Head, chest and proximal femur fractures are also
more likely to occur.17 For the comparison of the evolution of HRQoL over time, we included FCI,
RISC II and the AIS of the body regions into the mixed linear model (MLM) to reduce confounding
factors. Overall, the MLM revealed a significant impact of AIS face and AIS extremities on HRQoL

The subscale analysis of EQ index revealed larger impairments in geriatric patients for the categories
self-care and mobility. An increase in mobility and self-care in the elderly leads to an improved physical
and mental quality of life [30]. A lack of mobility is associated with reduced independence, decreased
mental function, falls and consequently death [31,32]. Therefore, means of increasing elderly patient’s
mobility and involvement in self-care should be the main goal of rehabilitation.

Younger adults had lower values for pain/discomfort. Several studies indicated a higher pain
threshold in the geriatric population [33]. However, older people are not simply less sensitive to
pain. Sofaer et al. suggested that old people see pain as a normal part of aging, and therefore
perceive pain as normal and inevitable [34]. Hence, older patients tend to report pain to a lesser
extent and demand pain medication less frequently [35]. Nonetheless, pain leads to suffering and
disability. This is why multimodal pain management is compulsory, especially in the elderly [36].
Mędrzycka-Dąbrowska et al. found that proper pain management can reduce mortality in geriatric
patients [37]. Therefore, evidence-based guidelines for in-hospital treatment and rehabilitation are
needed to standardize the care of geriatric trauma patients [38–40].

The paradoxical finding that geriatric patients with low impact trauma are at higher risk than
patients who sustained higher velocity trauma should reflect on the triage of geriatric trauma
patients [41]. The question remains whether established trauma severity measurement tools are able
to reflect the patient’s condition and if this is associated with the prognosis. Currently, the ISS is
the standard evaluation instrument in the initial management of major trauma [16]. An ISS over
16 indicates major trauma associated with significant mortality. In the present study, only patients with
an ISS greater than 16, indicating major trauma, were included. Although many patients with a lower
ISS might be facing a comparable impairment of HRQoL, we focused on the high-risk population
of geriatric major trauma reflected by an ISS over 16. Even though the ISS is a very effective tool to
assess the severity of the injury and predict initial mortality, it has shown weakness in the prediction of
prognosis and inclusion of interfering factors, such as comorbidities [24,28]. Therefore, the development
of an assessment tool specifically for geriatric trauma for initial triage and further treatment might be
valuable. Under-triage of geriatric patients often begins during the pre-hospital assessment. A worse
general health status and preexisting conditions complicate clinical examination and the initial grading
of injury severity [42]. Advanced age is associated with transport to a lower level of trauma care [43].
We also recorded a trend to a lower level of care of the primary admission facility with advanced patient
age. In the literature, initial under-triage is associated with increased mortality [43]. Unconscious age
bias occurs in pre-hospital providers, as well as hospitals, and therefore one must maintain a high
clinical suspicion for serious injuries, regardless of the mechanism of injury [42,44]. The triage to
a high-level trauma center, especially one with a high number of geriatric cases, is linked to better
outcomes for the elderly [44]. A team approach with interdisciplinary care involving geriatricians,
social workers, and pharmacists supervised by surgeons improves the quality of trauma care to
address comorbidities, geriatric syndromes, care planning and rehabilitation, medication and pain
management right from the beginning of hospitalization may reduce mortality and improve functional
outcome [38,42]. Post-discharge issues are as important as the initial management of severe injuries in
the elderly population. Post-acute rehabilitation and the patients’ functionality have a relevant impact
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on outcome [29]. There are few studies focusing on geriatric severe trauma. Measurement of outcome
in geriatric trauma is mostly limited to mortality [6].

Facing the socio-economic impact of trauma and a decreasing mortality due to preventive measures
and patient-centered outcome tools are increasingly relevant. More than ever, the aspect of HRQoL
after severe trauma gains importance [45,46]. The main focus of this study was the assessment of
posttraumatic HRQoL in geriatric major trauma patients. HRQoL can be defined as “how well a person
functions in their life and his or her perceived wellbeing in physical, mental, and social domains of
health” [47]. We used the EQ-5D-3L for HRQoL assessment 6, 12, and 24 months post trauma. Even
though HRQoL decreases throughout life [48], we found significant impairment of HRQoL in geriatric
patients compared to the general population.

Our study also reveals a significantly worse recovery over time for geriatric patients.
The impairment of major trauma on geriatric patient’s HRQoL is greater than in patients younger than
65 years. Contrary to geriatric patients, the control group under 65 years experienced a significant
improvement in HRQoL within the first year after trauma. Even though PROM tools are gaining
importance, HRQoL is under-researched in elderly severe trauma patients. Our study shows that
geriatric patients particularly reported a loss of mobility, self-care and an increase in anxiety and
depression. Few data exist on recovery for the elderly trauma patients. Undesirable conditions such as
delirium, posttraumatic stress disorder, and depression might have a significant impact and lead to
persistence in limitations of HRQoL [38]. In the last couple of years, ortho-geriatric trauma centers
have been founded aiming for an improvement in the quality of care of elderly after trauma. Since this
initiative was started after the closure of recruitment for this study, the question remains whether this
has a significant impact on the quality of life after major trauma in the elderly.

The main limitation of our study is the limited number of cases. Even though major trauma in
geriatrics is on the rise, there are only a limited number of cases even in a large trauma network like
the TNO. Reporting on a specific patient cohort implicates a limitation of generalizability and bias.
The low number of penetrating injuries is only one example, such that the data are specific for the
reported patient population and the results might not be transferrable to other populations where the
majority of patients sustain penetrating injuries due to violence. Another limitation is that due to the
design of this large multicenter trial, an extension to clinical follow-up examinations was not possible.
Therefore, we cannot present clinical follow-up data for correlation with HRQoL. Since this study
was conducted in a heath-service context, there are many potential sources of bias or imprecision.
Great efforts have been taken to improve data quality, as published before [9]. Assessment of data
quality proved an excellent documentation rate of >95% in all major trauma patients. To reduce the
impact of not uniformly distributed confounders between both age groups, the MLM included factors
that were assumed to be potentially influencing the results, such as FCI, RISC II, and AIS of each
body region. Furthermore, the MLM replaces missing values by using maximum likelihood estimates.
Thus, all patients, even those with missing quality of life values at specific points of time, could be
used for the analyses.

In general, non-participation is a major issue in longitudinal studies. Our strategy for diminishing
this effect was to compare baseline characteristics of participants with non-participants, which showed
no significant discrepancy between the two groups. Still, participation dissent can introduce
selection bias.

There might be other confounding factors that we did not take into account. However, including
all major trauma patients in a specific geographic region and considering all clinically relevant factors,
we aimed for unbiased estimates of HRQoL means. The strength of this study lies in its prospective
multicenter registry-based design and data quality. Even though the study lacks a sample size
calculation, we think it serves its purpose as a reference point when calculating sample sizes for further
studies. However, further studies on the evaluation of HRQoL in post-traumatic conditions of the
elderly would be valuable to confirm these results.
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6. Conclusions

Our study is the largest elaboration on geriatric HRQoL after major trauma. We found a limited
HRQoL measured by EQ-5D-3L in geriatric patients after major trauma. HRQoL of geriatric patients
stagnated at a low level from 6 to 24 months after trauma. Compared to patients under the age of
65 years and the normal values of the general population, this suggests a relevant impairment of
HRQoL after major trauma. Further evolution of ortho-geriatric initiatives is necessary to improve the
care of the elderly after major trauma.
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Abstract: Introduction: It is currently unclear whether the additional effort to perform an intraoperative
computed tomography (CT) scan is justified for articular distal radius fractures (DRFs). The purpose
of this study was to assess radiological, functional, and clinical outcomes after surgical treatment of
distal radius fractures when using conventional fluoroscopy vs. intraoperative CT scans. Methods:
Inclusion criteria: Surgical treatment of DRF between 1 January 2011 and 31 December 2011, age 18 and
above. Group distribution: intraoperative conventional fluoroscopy (Group Conv) or intraoperative
CT scans (Group CT). Exclusion criteria: Use of different image intensifier devices or incomplete data.
DRF classification according to the Arbeitsgemeinschaft für Osteosynthesefragen (AO) classification.
Outcome variables included requirement of revision surgeries, duration of surgery, absorbed radiation
dose, and requirement of additional CT scans during hospitalization. Results: A total of 187 patients
were included (Group Conv n = 96 (51.3%), Group CT n = 91 (48.7%)). AO Classification: Type A
fractures n = 40 (50%) in Group Conv vs. n = 16 (17.6%) in Group CT, p < 0.001; Type B: 10 (10.4%) vs. 11
(12.1%), not significant (n.s.); Type C: 38 (39.6%) vs. 64 (70.3%), p < 0.001. In Group Conv, four (4.2%)
patients required revision surgeries within 6 months, but in Group CT no revision surgery was required.
The CT scan led to an intraoperative screw exchange/reposition in 23 (25.3%) cases. The duration of
the initial surgery (81.7 ± 46.4 min vs. 90.1 ± 43.6 min, n.s.) was comparable. The radiation dose was
significantly higher in Group CT (6.9 ± 1.3 vs. 2.8 ± 7.8 mGy, p < 0.001). In Group Conv, 11 (11.5%)
patients required additional CT scans during hospitalization. Conclusion: The usage of intraoperative
CT was associated with improved reduction and more adequate positioning of screws postoperatively
with comparable durations of surgery. Despite increased efforts by utilizing the intraoperative CT scan,
the decrease in reoperations may justify its use.

Keywords: intraoperative CT scan; distal radius fracture; O-arm radius fracture; intraoperative CT
scan in trauma

1. Introduction

Distal radius fractures (DRFs) represent the most common fractures of the upper extremity in
adults (17.5%) [1]. Exact restoration of the anatomy and correct screw placement in the relevant
fragment can be challenging, especially if the posterior articular surface is involved, or in cases of severe
impaction [2]. These cases require revision surgery and the outcome is unfavorable (decreased range
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of motion, later wrist fusion) [3]. With conventional intraoperative imaging, incomplete reduction and
inadequate screw placements have been reported [4]. The use of conventional fluoroscopy during surgery
provides limited information, especially in complex DRFs [5]. Imaging of DRFs may include computed
tomography (CT), especially in complex intra-articular fractures. The CT scan is a well-established
imaging method that has proven diagnostic value [6]. To date, the majority of CT studies, however, are
obtained for diagnostic reasons and for classification of injuries [7,8]. Advancements in intraoperative
imaging, including mobile CT scans, have improved intraoperative image quality and allowed for
immediate control of the osteosynthesis [9]. CT-based navigations have been used to increase the
accuracy of screw and plate positioning during open reduction internal fixation (ORIF) of DRFs [10].

There continues to be a lack of studies that investigate the effects of intraoperative CT scans on the
treatment of DRFs. The objective of this study was to compare surgical, radiological, and functional
outcomes after operative treatment of DRFs with and without the use of intraoperative CT scans.
We therefore aimed to answer the following questions:

• Is the use of intraoperative CT scans associated with increased surgical time and radiation dosage?
• Does an intraoperative CT scan lead to intraoperative revisions that may prevent reoperations?
• Does the intraoperative CT scan reduce the requirement of secondary CT scans during hospitalization?

2. Methods

This study was conducted with the approval of the cantonal ethical committee (Kantonale
Ethikkommission, KEK, Zürich) and the institutional review board (IRB) under the license numbers
2019-01957 and 2018-00146.

2.1. Study Design and Study Population

This retrospective comparative study was performed among patients treated between
1 January 2011 and 31 December 2018, and was conducted in compliance with the Strengthening the
Reporting of Observational studies in Epidemiology (STROBE) guidelines [11].

The inclusion criteria were as follows: patients aged 18 years and over who required surgical
treatment of a distal radius fracture at one academic Level 1 trauma center.

Exclusion criteria: patients with incomplete data sets, missing radiation values, usage of other
imaging techniques/devices, reoperations, open fractures, or more than one surgical intervention
during the same session.

All patients were treated by a variable angle-locked compression plate (VA-LCP) and a two-column
volar distal radius plate 2.4 (VA-LCP 2.4 mm, DePuy Synthes, 4436 Oberdorf, Switzerland).

The follow-up period was six months after surgery. Our standardized follow-up foresees 2 weeks,
6 weeks, 12 weeks, and 6 months of post-operative clinical and radiological examination.

2.2. Group Distribution and Intraoperative Radiologic Protocol

Intraoperative imaging defined the stratification of patients: conventional fluoroscopy (Group
Conv) or additional intraoperative CT scans using the O-arm (O-arm; Medtronic, Minneapolis, MN)
with standard configurations for extremity scans (Group CT).

2.3. Protocol for Intraoperative CT Use

According to our in-house protocol, an intraoperative CT scan has been used in all Type C
fractures since 2015. After initial reduction, a fluoroscopic assessment of the plate and screw position
is performed. The final assessment is then performed by a CT scan. If correction is required, a second
CT scan is added after revision.
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2.4. Definitions and Outcome Parameters

All DRFs were classified according to the Arbeitsgemeinschaft für Osteosynthesefragen (AO)
classification [12]. Surgical factors: fracture classification with associated intraoperative imaging
technique, duration of surgery, revision rate intraoperatively, and revision surgeries within six months
after initial treatment. These data were retrieved from the radiological statement prior to surgery and
the surgical report.

The radiological outcome included intraoperative radiation doses and the requirement of secondary
CT scans after surgery during hospitalization. These data are automatically calculated by the imaging
intensifier device (conventional fluoroscopy or intraoperative CT scan) and electronically sent to the
patient’s chart.

During re-examination, the senior author (F.A.) measured the range of motion (ROM) in person
to minimize inter-observer variability. The ROM was measured in six degrees of freedom: dorsal
extension, palmar flexion, radial abduction, ulnar abduction, pronation, and supination.

A potential confounder was the fracture classification according to AO [13]. Therefore, the analysis
included additional stratification according to the AO classification. The study size is based on the
maximal available data set, according the inclusion and exclusion criteria.

2.5. Statistical Analysis

Continuous variables are summarized as mean and standard deviation, and categorical variables
as number and percentage. Group comparison of two groups was performed using Student’s t-test for
continuous variables, and the Pearson chi-squared test for discrete variables. ANOVA was performed
to compare groups of more than two partners. Patients were stratified according to the imaging
technique during surgery, and according to the fracture classification to control for confounding.
Statistical significance was assumed at an alpha of 5% (p < 0.05). All analyses were performed using
R (R Core Team (2019). R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/).

3. Results

We included 187 patients (mean age 55.1 years (±19.4 y)), among which 131 (70.1%) were females.
In all patients, an acute fracture was the reason for fixation. The distribution according to the AO
classification was as follows: Type A fracture (n = 64, 34.2%), Type B fracture (n = 21, 11.2%), Type C
fracture (n = 102, 54.5%).

3.1. Patient Demographics

Group Conv (n = 96, 51.3%) and Group CT (n = 91, 48.7%) were comparable in age, gender
distribution, body mass index (BMI), length of stay, and duration until returning to work. The incidence
of Type A fractures in the Conv Group was 50% vs. 17.6% in the CT Group (p < 0.001). In Group CT,
the leading fracture was Type C fractures, with 70.3% vs. 39.6% in the Conv Group (p < 0.001) (Table 1).
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Table 1. Patient demographics.

Group Conv Group CT p-Value

n 96 91
Age (years), mean (SD) 54.8 (19.7) 55.4 (19.1) n.s.
Female gender, n (%) 67 (69.8) 64 (70.3) n.s.

BMI (kg/m2), mean (SD) 24.6 (4.4) 26.5 (17.3) n.s.
AO classification, n (%)

A 48 (50.0) 16 (17.6) <0.001
B 10 (10.4) 11 (12.1) n.s.
C 38 (39.6) 64 (70.3) <0.001

Length of stay (days),
mean (SD) 7.0 (8.8) 7.9 (6.6) n.s.

Weeks until return to
work, mean (SD) 5.9 (4.4) 6.2 (4.5) n.s.

n = Number of patients; SD = Standard Deviation; n.s. = Not Significant (p > 0.05); BMI = Body Mass Index;
AO = Arbeitsgemeinschaft für Osteosynthesefragen.

3.2. Intraoperative Revisions and Revision Surgeries

In Group Conv, 11 patients (11.5%) required a secondary CT scan after surgery. Out of these, four
patients (36.4%) required revision surgeries: one case required a revision surgery due to intra-articular
screw positioning, two cases required revision due to a malreduced fracture, and one case required
a secondary stabilization of the distal radio-ulnar joint. None of the patients in Group CT required
revision surgeries within six months. However, in 23 cases (25.3%) the CT scan revealed inadequate
reduction, or inadequate implant position, that led to intraoperative revision.

3.3. Duration of Surgery and Radiation Dosage

Group Conv and Group CT were comparable in duration of surgery (95%CI 21.4 to 4.6, p = 0.21).
The intraoperative radiation dose was significantly lower in Group Conv compared with Group CT
(2.8 ± 7.8 mGy vs. 6.9 ± 1.3, p < 0.001). Group Conv required secondary CT scans after surgery
during hospitalization in 11.5% of cases (Table 2). The radiation dosage of a secondary CT scan was
significantly higher in Group Conv compared with the total intraoperative radiation dosage of Group
CT (8.3 ± 2.5 mGy vs. 6.9 ± 1.3 mGy, 95%CI 0.4 to 3.2, p = 0.02).

Table 2. Radiographic and intraoperative data.

Group Conv Group CT p-Value

n 96 91
Revision Surgeries

within 6 months, n (%) 4 (4.2) 0 (0.0) n.s.

Intraoperative revision
based on CT, n (%)

Not
documented 23 (25.3%) NA

Duration of surgery
(minutes), mean (SD) 81.7 (46.4) 90.1 (43.6) n.s.

Intraoperative Radiation
Dose (mGy), mean (SD) 2.8 (7.8) 6.9 (1.3) <0.001

Requirement of
secondary CT scan, n (%) 11 (11.5%) 0 (0%) <0.001

Radiation Dose of
secondary CT scan
(mGy), mean (SD)

8.3 (2.5) NA

AO = Arbeitsgemeinschaft für Osteosynthesefragen; n = Number of patients; SD = Standard Deviation;
mGy =milligray; n.s. = Not Significant (p > 0.05).
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3.4. Range of Motion

In Group Conv: Ulnar abduction Type A 30.4 ± 8.9◦ vs. Type B 51.0 ± 10.0◦, p = 0.0026; Pronation
Type A 85.7 ± 4.3◦ vs. Type B 65.0 ± 28.3◦, p < 0.001 and vs. Type C 82.1 ± 8.2, p = 0.03; and Supination
Type A 85.6 ± 5.7◦ vs. Type B 66.0 ± 32.9◦ p = 0.001 and vs. Type C 75.1 ± 26.8, p = 0.004. Type A, Type
B, and Type C fractures had comparable ROMs in Group CT (Figure 1).

Figure 1. Comparison of Range of Motion (ROM) at six months after initial surgery of Group CT and
Group Conv. While there is a significant difference amongst the subgroups in Group Conv, the ROM
appears to be independent of the severity of fracture in Group CT. Types of fracture are classified
according to the AO classification; * = significant difference (p < 0.05).

4. Discussion

Intraoperative anatomic reduction has been known to be a cofactor for good results in intra-articular
fractures and those adjacent to joints [12]. Recent advancements in radiological imaging and improvement
of CT technologies have led to an increased use of CT scans intraoperatively to guide and facilitate
surgical interventions [14–16]. Currently, spine surgeons routinely use intraoperative CT scans [17,18].
Reports about the use for intra-articular fractures of the extremity are sparse [5]. In distal radius fractures,
the variable anatomy and limited ability to visualize the dorsal aspect of the fracture’s articular surface
represents a special challenge during surgical fixation of these fractures [19].

Our study provides the following main results:

1. The use of an intraoperative CT scan did not increase duration of surgery.
2. Intraoperative correction of screw positioning was performed in 25.3% of cases in Group CT.

No further revision surgery was required.
3. Secondary CT scans were required in 11.5% of cases where no intraoperative CT was performed,

resulting in an increased cumulative radiation dosage and revision surgeries in 36.4% of cases.

According to our data, the use of an intraoperative CT scan did not affect the overall duration of
surgery. The time required for an intraoperative CT scan was shown to be 3 to 5 minutes during surgical
correction of scoliosis without significant prolongation of the operation time [20]. During surgery of a
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DRF, the use of an intraoperative CT scan might take 6.7 ± 1.8 (range 4.3–13.3) minutes [5]. Previous
authors have suggested that the duration of surgery may be less dependent on the imaging technique
(fluoroscopy, CT scan) and more dependent on the experience of the surgeon, or the indication for
surgery [21].

In a laboratory study with cadavers, no significant difference in breach rate between CT scans
and fluoroscopy was observed during pedicle screw insertion [22]. Another study concluded that the
increased radiation dose after the use of an intraoperative CT scan with an image-guided system was
acceptable, given the benefits of CT imaging [23].

The present study indicates that the intraoperative use of CT is associated with higher levels of
intraoperative radiation. During the postoperative course, some patients of Group Conv also required
CT, which leads to a lesser sustained total radiation exposure. Another study indicates that during
surgical treatment of DRFs, radiation exposure from fluoroscopy was 14.1 ± 15.4 cGycm2 compared
with 19.3 ± 16.9 cGycm2 in cases where an additional CT scan was used, representing an increase of
36.9% [5]. This increase in radiation after additional usage of intraoperative CT scans is comparable
with reported data that might range from 4.8 to 195% [5].

The use of CT scans has been suggested to improve visibility and assessment of intra-articular
fractures [24]. Further, the use of postoperative CT scans after ORIF of DRFs provides more information
regarding potential intra-articular placements of screws that otherwise would have been missed [25].
Our study revealed that in 11.5% of cases, a secondary CT scan was required that led to revision
surgeries in 36.4% of cases. These secondary interventions could be prevented in cases that had an
intraoperative CT scan. The quality of conventional fluoroscopy depends on projection and might
increase false negative rates of intra-articular screw placement or poorly reduced fractures [26]. The use
of intraoperative CT scans has been suggested to improve the assessment of screw placement and
the quality of articular reduction independent of the user and projection, potentially decreasing the
revision rate.

We are aware of several potential drawbacks. The sample size might introduce a type 2 error.
However, based on completeness of data, especially radiologic measures, we believe that this sample
size is sufficient. Further, the measurement of ROM might introduce some degree of variability.
However, all ROMs were measured by one author (F.A.) to minimize variability. One might argue
that the homogeneity of the study population might suffer based on a 7-year inclusion period. Yet, we
believe that the inclusion of patients prior to the availability of intraoperative CT scans (2015) reduces
confounding and selection bias, and that might increase confidence in our conclusion. The requirements
for a secondary CT scan include insufficient information provided by fluoroscopy, pain, and discomfort.
Since the intraoperative CT resulted in 25.3% of cases needing revision and the secondary CT scan
in 36.4% of cases, we believe that the additional information given by the CT might improve the
outcome of the patient. In addition, this is not a prospective study categorized according to severity of
fractures. However, we feel that the automatized documentation of radiation dosages and reporting of
reoperation rates and intraoperative revisions allows us to draw the following conclusions.

5. Conclusions

In our series, an intraoperative CT scan was not associated with an increased duration of surgery.
We observed a decrease in the revision rate and improved screw positioning after the use of an
intraoperative CT scan. We feel that these findings support the limited use of intraoperative CT scans
in patients with complex fractures of the radius.
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Abstract: Sarcopenia is related to adverse outcomes in various populations. However, little is known
about the prevalence of sarcopenia in polytrauma patients. Identifying the number of patients at risk
of adverse outcome will increase awareness to prevent further loss of muscle mass. We utilized data
from a regional prospective trauma registry of all polytrauma patients presented between 2015 and
2019 at a single level-I trauma center. Subjects were screened for availability of computed tomography
(CT)-abdomen and height in order to calculate skeletal mass index, which was used to estimate
sarcopenia. Additional parameters regarding clinical outcome were assessed. Univariate analysis was
performed to identify parameters related adverse outcome and, if identified, entered in a multivariate
regression analysis. Prevalence of sarcopenia was 33.5% in the total population but was even higher
in older age groups (range 60–79 years), reaching 82 % in patients over 80 years old. Sarcopenia was
related to 30-day or in-hospital mortality (p = 0.032), as well as age (p < 0.0001), injury severity score
(p = 0.026), and Charlson comorbidity index (p = 0.001). Log rank analysis identified sarcopenia as an
independent predictor of 30-day mortality (p = 0.032). In conclusion, we observed a high prevalence
of sarcopenia among polytrauma patients, further increasing in older patients. In addition, sarcopenia
was identified as a predictor for 30-day mortality, underlining the clinical significance of identification
of low muscle mass on a CT scan that is already routinely obtained in most trauma patients.

Keywords: sarcopenia; polytrauma; prevalence; mortality; skeletal mass index; muscle mass

1. Introduction

Sarcopenia, a disease characterized by progressive loss of skeletal muscle mass (SMM), muscle
strength, and physical performance, is a common condition among senior adults [1]. It is associated with
a wide range of adverse outcomes and leads to a decreased quality of life and increased mortality [1–4].
The clinical relevance of sarcopenia has been extensively described in various disorders [5–8].
In addition, the predictive value of skeletal muscle mass measurements for complications has been
demonstrated in various areas of surgery, such as general, vascular, colorectal, and liver transplant
surgery [7,9,10].

With worldwide increased life expectancy and associated increased incidence in geriatric
polytrauma patients, prevalence of sarcopenia in trauma patients is expected to increase as well [11,12].
To date, prevalence of sarcopenia in polytrauma patients is largely unknown. Evidence on adverse
outcome related to sarcopenia in polytrauma patients is scarce and quality of available studies is
limited [13–15]. One limiting factor is the heterogeneity in polytrauma patients, including all age
groups, different trauma mechanisms and a variety in pre-existing medical conditions. In addition,
use of different definitions for sarcopenia hampers the comparison of studies in trauma patients [1,16,17].
Nevertheless, on arrival of a trauma patient, a total-body computed tomography (CT) scan is obtained
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almost routinely, and CT-based measurement of skeletal muscle mass is the gold standard for
quantification of SMM. Therefore, the abdominal CT scan offers the opportunity to identify patients
with low muscle mass directly.

The aim of this pilot study was to investigate the prevalence of low muscle mass in older
polytrauma patients, as well as to explore the relation between low muscle mass and mortality,
complications, and inflammatory response. We hypothesize that a low skeletal muscle mass on
abdominal CT, as an indicator of sarcopenia, is common in polytrauma patients of increased age and
that it could aggravate their clinical outcome by increasing the risk of complications. In addition,
we hypothesize that low muscle mass is a predictor of 30-day or in hospital mortality and that it
induces an increased early inflammatory response during hospitalization.

2. Patients and Methods

Approval for this study was acknowledged by the local ethics committee of the Maastricht
University Medical Centre (MUMC+, Maastricht, the Netherlands). Requirement for informed consent
was waived because of the retrospective nature of this study.

2.1. Patients and Determination of Muscle Mass

Data from polytrauma patients (injury severity score (ISS) ≥16) who were admitted to a single
level-I trauma center between January 2015 and December 2019 were assessed for study eligibility.
Patient records were retrospectively checked for presence of an abdominal CT scan and patient height.
Only when both abdominal CT scan on admission and height were available, patient data were
included for analysis. Measurement of SMM was performed using abdominal CT images by two
independent observers using OsiriX Lite 11.0.2 open software on transverse slides of abdominal CT
scan at the level of third lumbar (L3) vertebra as described before [18,19]. All measurements were
performed in a semi-automated fashion by setting tissue of interest threshold at −30 to +110 Hounsfield
Units (HU) for skeletal muscle [20]. Automatically generated areas of interest were corrected manually.
Total muscle mass area was automatically calculated and displayed in square centimeters.

Skeletal mass index (SMI), a derivative of the skeletal muscle mass (SMM) [21], was then calculated
using the following equation:

Skeletal mass Index = Skeletal muscle mass (SMM)/height2 (1)

To estimate prevalence of sarcopenia in the study population, sarcopenia was defined according
to cutoff values for SMI as described by Prado et al. [18]. These values were determined at 52.4 cm2/m2

and 38.5 cm2/m2 for males and females, respectively. Two independent investigators measured the
L3 muscle area of all patients and these data were used to calculate the interobserver agreement.
Intra-observer agreement was assessed by repeating 50 L3-measurements 6 months after initial analysis.

2.2. Clinical Outcome

Complications were retrieved from patient data by two observers. For this purpose, complications
(pneumonia, urinary tract infection, delirium and mortality (both in hospital and 30-day)) and duration
of intensive care unit (ICU) admission and hospitalization were all scored. Diagnosis of pneumonia
was based on chest radiographs and antibiotic treatment [22]. Urinary tract infection was defined
as positive urinary culture and initiation of antibiotic therapy [23]. Delirium was diagnosed by
a geriatrician in patients with altered mental status and if they received medical treatment [24].
In addition, inflammatory variables (leukocytes and C-reactive protein (CRP) on admission, after 24
and 48 h) were evaluated. Data from patients with severe head trauma who deceased within 24 h were
included in the analysis of prevalence of sarcopenia. However, their data were excluded from analysis
of complications.
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2.3. Statistical Analysis

Frequencies are presented as absolute numbers and percentages. Continuous data is presented as
mean (± standard error of the mean). Normal distribution was tested using Kolmogorov–Smirnov
test. Differences between groups were analyzed using Pearson χ2 test for dichotomous variables.
Confidence intervals were calculated using logistic regression analysis. First, univariate analysis was
performed to select parameters directly related to adverse outcome. Dependent variables that were
identified in univariate analysis were subsequently entered into a multivariate logistic regression
analysis. The influence of sarcopenia on 30-day mortality was determined using a log rank test.

The interobserver agreement (R.S., M.A.) of L3 muscle index assessment of sarcopenia was analyzed
by the Pearson correlation index. Two-tailed P values less than 0.05 were considered significant.
All statistical analyses were performed using SPSS (version 25.0; SPSS Inc. Chicago, IL, USA).

3. Results

3.1. Patients

Data from 846 polytrauma patients were assessed for eligibility. In 428 patients, no abdominal
CT-scan was available. Further exclusion was due to missing data regarding patient height (n= 179) and
death within 24 hours due to brain injury (n = 1). Therefore, data from 239 polytrauma patients were
included in analysis of prevalence and from 238 for complications, excluding the single patient who
died of severe brain injury within 24 hours. Patient demographics are listed in Table 1. One-hundred
fifty nine of 239 (66.5%) patients were male, and 80 of 239 (33.5%) were female. Average age was
49 years (range 6–89, SD 21.45), with a non-significant distribution among gender (48 (± 20) and
53 (± 24) years for males and females, respectively, p = 0.078). For the total population, the following
means were observed: ISS 26.7 (± 9.9), body mass index (BMI) 25.0 kg/m2 (± 4.3), Charlson Comorbidity
Index 1.7 (± 2.1). Patients were hospitalized for an average of 19 days (± 17). Mean L3 SMI for males
and females was 57.4 cm2/m2 (± 10.24) and 42.7 cm2/m2 (± 7.82), respectively.

Table 1. Patient characteristics.

No. of Patients (%) Mean (SD) Sarcopenic Non-Sarcopenic Significance

Gender
Male 159 (66.5%) 51 108

Female 80 (33.5%) 30 50
Age
Male 48 (± 20) 52 (± 21.9) 46 (± 18.7) p = 0.046

female 53 (± 24) 66 (± 22.7) 46 (± 21.0) p < 0.0001
>80 20 (8.3%)

Male 84 (± 3) 5 1
Female 83 (± 2) 12 2

BMI
<18.5 7 (2.9%) 4 (1.7%) 3 (5.1%) p = 0.174

18.5–24.9 120 (50.5%) 54 (22.7%) 66 (27.7%) p < 0.0001
25–29.9 88 (36.9%) 20 (8.4%) 68 (28.6%) p =0.006
>30 23 (9.7%) 2 (0.8%) 21 (8.8%) p = 0.005

Length of hospital stay (days) 19 (± 17) 17.6 (± 15.9) 20.1 (± 17.3) p = 0.29
Length of stay ICU (days) 6 (± 8) 5.4 (± 7.5) 6.2 (± 8.6) p = 0.48

Injury severity score 26.7 (± 9.9) 25.9 (± 9.3) 27.1 (± 10.2) p = 0.34
Charlson comorbidity index

0–1 145 (60.9%) 37 108
>2 94 (39.9%) 44 50

SMI
Male <52.4 52 (21.8%)

Female <38.5 30 (11.8%)
Complications

Pneumonia 43 (18.1%) 17 (20.9%) 26 (16.4%)
Urinary tract infection 11 (5.5%) 2 (2.5%) 9 (5.6%)

Delirium 51 (21.0%) 22 (27.2%) 29 (18.4%)
Mortality within 1 month 18 (7.5%) 10 (12.3%) 8 (5.1%) p = 0.032
Mortality within 1 year 8 (3.4%) 4 (4.9%) 4 (2.5%)
Mortality after 1 year 5 (2.1%) 3 (3.7%) 2 (1.3%)

Number of patients requiring emergency (<24
h) surgery 108 (45.4%) 33 (41.3%) 75 (47.5%)

Number of patients requiring ICU admission 181 (76.1%) 127 (80.4%) 54 (67.5%)

BMI: body mass index; SD: standard deviation; ICU: intensive care unit; SMI: skeletal mass index.
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3.2. Prevalence

Prevalence of sarcopenia using the criteria as defined by Prado et al. was 80 out of 239 patients
(33.5%), of whom 52 (65%) were male and 28 out of 80 (35%) were female (see Table 2). Mean SMI in
the sarcopenic group was 42.8 (± 6.9) while this was 57.5 (± 10.5) for the non-sarcopenic group. SMI
in males was higher compared to females (57.4 cm2/m2 (± 10.2) vs 42.7 cm2/m2 (± 7.8), respectively).
In the older cohort (> 80 years), prevalence increased to 85%, with an even distribution between
males and females (83.3% and 85.7%, respectively). Patients defined as sarcopenic were older than
non-sarcopenic patients (57 years (± 22.9) and 46 years (± 19.5), respectively, p < 0.0001). ISS was
comparable in sarcopenic (ISS = 25.9) and non-sarcopenic (ISS = 27.2) patients. The relation between
age, ISS, and SMI is represented in Figure 1.

Table 2. Sarcopenia prevalence in polytrauma population.

General Population (%) Age 60–79 (%) Age ≥ 80 (%)

Group
Females 11.8 (n = 28/239) 13.6 (n = 9/66) 60 (n = 12/20)
Males 21.8 (n = 52/239) 24.2 (n = 16/66) 25 (n = 5/20)

Figure 1. Survival curves for sarcopenia and no sarcopenia.

3.3. In Hospital Mortality

Eighteen (7.6%) patients died within one month or during hospital admission. Log rank
analysis identified sarcopenia as an independent predictor of 30-day mortality (p = 0.032, Figure 1).
In univariate analysis, sarcopenia (p = 0.045) was identified as a predictor for 30-day or in-hospital
mortality. In addition, age (p = 0.005), Charlson Comorbidity Index (p = 0.001), ISS (p = 0.026), surgical
procedures (p = 0.038), and hospital length of stay (p = 0.004) were significant predictors of mortality
within one month. In the binary logistic regression analysis age (OR, 1.08; 95% CI 1.01–1.165; p = 0.018),
ISS (OR, 1.19; 95% CI 1.04–1.20; p = 0.003) and hospital length of stay (OR, 0.83; 95% CI 0.74–0.92;
p < 0.0001) remained as independent predictors of mortality within one month or during hospital
admission. Logistic regression results are summarized in Table 3.
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Table 3. Logistic regression analysis of mortality within one month.

Univariate Analysis Multivariate Analysis

Mortality Odds Ratio p-Value Odds Ratio p-Value

Gender
Male 9/150 1

Female 9/79 2.14 (0.82–5.6) 0.115
Age 1.05 (1.02–1.08) 0.005
BMI 0.93 (0.82-1.04) 0.21

Sarcopenia
No 8/157 1
Yes 10/81 2.62 (0.99–6.93) 0.45

Charlson Comobidity Index 1.46 (1.20–1.77) 0.001
Injury Severity Score 1.05 (1.00–1.09) 0.026 1.19 (1.00–1.41) 0.05

Surgery during hospitalization
No 1
Yes 0.36 (0.14–0.98) 0.38

Inflammatory parameters
Plasma CRP at hospitalization 0.97 (0.87–1.07) 0.55

Plasma Leukocyte at
hospitalization 1.01 (0.98–1.03) 0.59

Plasma CRP after 24 h 0.99 (0.99–1.01) 0.85
Plasma Leukocytes after 24 h 1.08 (0.95–1.24) 0.25

Plasma CRP after 48 h 0.99 (0.99–1.00) 0.19
Plasma leukocytes after 48 h 1.13 (0.94–1.36) 0.20 1.77 (1.06–2.96) 0.029

Complications
Pneumonia

No 14/195 1
Yes 4/43 1.33 (0.41–4.25) 0.63

Urinary tract infection
No 18/227
Yes 0/11 0.33

Delirium
No 11/187 1
Yes 7/51 2.55 (0.93–6.94) 0.06

ICU length of stay 0.99 (0.93–1.06) 0.84
Hospital length of stay 0.89 (0.82–9.63) 0.004 0.67 (0.50–0.89) 0.006

CRP: C-reactive protein.

3.4. Complications and Inflammatory Response

The incidence of complications was 68 (45.3%) in non-sarcopenic patients and 41 (52.6%) in
sarcopenic patients (p = 0.28). No significant differences were observed between sarcopenic and
non-sarcopenic cohorts regarding prevalence of pneumonia (p = 0.25), urinary tract infection (p = 0.34),
delirium (p = 0.085) and ICU (p = 0.48) or hospital length of stay (p = 0.29). The inflammatory response
in sarcopenic patients showed a significant increase in leukocyte levels at 48 hours compared to
non-sarcopenic patients (11.95 (± 3.64) vs 10.08 (± 3.04), respectively, p = 0.002). The other time points
(admission and 24 hours after admission) showed no difference for leukocyte levels (p = 0.18 and
p = 0.45, respectively).

3.5. Interobserver Agreement of CT Based Muscle Measurement by Osirix

Interobserver agreement analysis of all measurements showed a strong and significant correlation
(R2 = 0.99; p < 0.0001). The interclass correlation coefficient (ICC) of sarcopenia assessment by CT
image analysis using Osirix was 0.99 (p < 0.0001) with a Cronbach alpha of 0.99. The interobserver
coefficient of variation (CV) was 10.1%. Intraobserver agreement analysis of 50 L3-measurements
showed a significant correlation (0.863; p < 0.0001) in the repeated measurements.

4. Discussion

The clinical significance of sarcopenia, defined in this study as a decreased skeletal muscle mass
(SMM), is becoming evident in many fields of medicine. The depletion of muscle mass is a risk
factor for infection during hospitalization in both non-cancer patients and cancer patients [9,25,26].
Furthermore, it has been revealed that sarcopenia in cancer patients is associated with treatment
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toxicity, poor functional status, increased length of hospital stay, prolonged rehabilitation care, and
increased mortality (Huaiying 2019) [9,18,27–29]. The prevalence of sarcopenia in community-dwelling
populations is up to 29%, ranging from 12% to 60% in patients with colorectal cancer [30,31]. However,
despite the direct clinical relevance, the prevalence of sarcopenia in polytrauma patients is unclear.
This study identified a prevalence of 34% in the overall polytrauma study group, increasing to more
than 80% in polytrauma patients aged over 80 years. Furthermore, our data indicate a relationship
between sarcopenia and 30-day or in-hospital mortality, regardless of gender, underlining the clinical
significance of sarcopenia in polytrauma patients.

Our data are in line with other studies that have described the prevalence of sarcopenia in various
populations [32–34]. In general populations, von Haehling and colleagues describe a prevalence of
5–13% in people aged 60–70 years, increasing to 11–50% in those aged 80 or above. These numbers
are comparable to the prevalence of sarcopenia in populations suffering from obstructive pulmonary
disease (COPD), renal failure and cancer [5,35,36]. The present study shows a higher prevalence of
sarcopenia in polytrauma patients compared to other studies using the same age groups. Although the
reason for this higher prevalence is beyond the scope of the current analysis, it raises questions on
the causal relationship between sarcopenia and accidents. Sarcopenia is associated with an increased
risk of falling [37], and in a part of the current population, a fall was registered as mechanism of
trauma. Another aspect that has to be taken into account in interpretation of the high prevalence in
our population is the applied definition of sarcopenia. In the present study, the criteria for skeletal
muscle mass as described by Prado were used. Other definitions of sarcopenia use functional tests in
addition to the quantification of muscle mass, such as the EWGSOP-II definition that uses hand-grip
strength and gait speed [1]. However, in the polytrauma population these parameters are not readily
obtainable. This limitation is mostly due to the extremity injuries frequently present in polytrauma
patients, but also admission to the ICU and (prolonged) ventilation makes it impossible to obtain
these data. Obtaining data during the admission is not straight forward, as loss of muscle mass and
muscle function occurs within days during bedrest [38]. In contrast, a total-body CT scan is performed
almost routinely upon arrival of a polytrauma patient, providing detailed imaging of the abdomen.
The quantification of skeletal muscle mass is therefore readily available, and our study indicates that
this parameter is directly related to survival.

The relation between sarcopenia and mortality, as indicated by many publications, appears in the
univariate analysis of our data as well. In addition, a clear prediction of 30-day mortality was found.
The identification of sarcopenia in these analyses is in line with available literature, showing increased
mortality within one year of diagnosing sarcopenia [39,40]. A recent study by Leeper et al. indicates
sarcopenia to be a strong predictor of 6-month post-discharge mortality in elderly trauma patients [41].
However, in the multivariate analysis in our study, we were unable to maintain sarcopenia as an
independent risk factor for 30-day or in-hospital mortality. This is likely due to the small sample size
in our study, as well as the stronger correlation between mortality and other factors such as age and
trauma severity. Notwithstanding this effect, in the study by Leeper et al., an association is described
between mortality and a variety of factors including ICU and hospital length of stay and injury scoring
systems like Injury Severity Score and Abbreviated Injury Scale. Our data are in accordance with
their findings.

Obtaining an abdominal CT scan is becoming a more and more widespread routine in trauma
patients [42]. Our data showed the same trend, as the percentage of patients excluded for missing
CT data decreased per year. Surprisingly, data from routinely obtained trauma CT scans are only
seldom used for muscle mass measurement in clinical practice. We believe that the addition of skeletal
mass measurement analysis in trauma patients has a direct beneficial effect, since treatment of low
muscle mass can be initiated immediately, and further loss of muscle mass could be prevented. One
consideration in using only CT derived data is, however, the mentioned cutoff values for the L3 index,
which are used to estimate sarcopenia. As these values are based on obese patients with cancer, caution
is advised when translating these values to other populations. Ideally, cutoff values for sarcopenia
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should be established within each specific patient population and BMI category. A much larger sample
size would be required to undertake cutoff values analyses by gender and by Body Mass Index (BMI).
It is important to realize that there has been mounting evidence on the clinical importance of BMI in
the field of traumatology. An observational prospective study of Childs et al. shows an increased risk
of infections, acute renal failure, length of ICU stay, hospital length of stay, and duration of mechanical
ventilation in polytrauma patients with a BMI > 30 [43]. In addition, our analyses suggest differences
in prevalence of sarcopenia between different BMI ranges, with an increasing portion of sarcopenic
trauma patients in higher BMI ranges. However, it is important to acknowledge that BMI does not
distinguish between muscle and fat tissues. Increase in routinely obtained CT-scanning gives the
opportunity to assess CT-based anthropometric parameters of fat in addition to muscle mass. A
recent study of Poros et al. showed that CT-based assessment of abdominal fat is suitable in revealing
pathologic body composition in trauma patients [44]. Abdominal fat measurements might add valuable
information in relation to complications and mortality in trauma patients in future studies.

The current study was a pilot study, where a retrospective analysis of collected data was performed
as a first step to elucidate the clinical impact of sarcopenia in trauma patients. This study has therefore
limitations that have to be kept in mind in interpretation of the results. One of the limitations of
this study is its retrospective nature. Because only data from patients with an abdominal CT were
included in our analysis, there is a potential inclusion bias. Still, all cases were retrieved from a
regional prospective trauma registry, thereby limiting the effect of potential selection bias. Another
limitation is the heterogeneity of the study population. Traumatic events occur in any age group with
different grades of severity. In order to limit the effect of heterogeneity, only patients with an ISS ≥ 16
were included, and age-specific analysis was obtained regarding the prevalence of sarcopenia and its
complications. Finally, only CT data were analyzed, and other markers of frailty such as functional
and nutritional status were not included in our analysis.

In future studies, functional tests should, if possible, be included in the criteria for sarcopenia.
Moreover, the cut-off values for skeletal mass index on CT measurements may require different cut-off
points based upon reported outcome in this specific population.

5. Conclusions

The prevalence of sarcopenia in elderly polytrauma patients is high, reaching 85% in people over
80 years old. Our analysis also shows that sarcopenia is an independent predictor for 30-day mortality.
Since abdominal CT scans are now almost routinely obtained in trauma patients, we advocate the
measurement of skeletal mass measurement to detect decreased muscle mass early. Early identification
of people at risk for sarcopenia will lead to early diagnosis and therapy, and more awareness will help
to prevent additional loss of muscle mass during the admission after trauma.
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Abstract: Background: Patients with spinal cord injury (SCI) exhibit hemostasis disorders. This study
aims at assessing the effects of a 4-week rehabilitation program on hemostasis disorders in patients with
SCI. Methods: Seventy-eight in-patients undergoing a 4-week rehabilitation were divided into three
groups based on time elapsed since SCI: I (3 weeks–3 months), II (3–6 months), and III (>6 months).
Tissue factor (TF), tissue factor pathway inhibitor (TFPI), thrombin–antithrombin complex (TAT) and
D-dimer levels, antithrombin activity (AT), and platelet count (PLT) were measured on admission
and after rehabilitation. Results: Rehabilitation resulted in an increase in TF in group III (p < 0.050),
and decrease in TFPI (p < 0.022) and PLT (p < 0.042) in group II as well as AT in group I (p < 0.009).
Compared to control group without SCI, TF, TFPI, and TAT were significantly higher in all SCI groups
both before and after rehabilitation. All SCI groups had elevated D-dimer, which decreased after
rehabilitation in the whole study group (p < 0.001) and group I (p < 0.001). Conclusion: No decrease in
activation of TF-dependent coagulation was observed after a 4-week rehabilitation regardless of time
elapsed since SCI. However, D-dimer levels decreased significantly, which may indicate reduction of
high fibrinolytic potential, especially when rehabilitation was done <3 months after SCI.

Keywords: spinal cord injury; rehabilitation; exercises; hemostasis; venous thrombosis

1. Introduction

Venous thromboembolism (VTE) is a frequent complication in patients after spinal cord injury
(SCI). Deep vein thrombosis (DVT) occurs in 5.4–27% and pulmonary embolism (PE) in 4–5.2% of
patients, mainly in the acute period, although these complications have also been described in the
chronic phase after SCI [1–7]. The risk of VTE is greatest (up to ~86% of all VTE events) in the first
3 months after injury [1,7]. The occurrence of VTE events drops significantly to about 9% between 3
and 6 months after injury and may still be observed at lower frequency (~5%) in long-term follow-up
beyond 6 months [7]. Furthermore, our previous findings indicate that for patients beyond 3 months
after SCI and diagnosed with DVT, 80% of DVT was detected during the period up to 6 months after
injury [6]. The high risk of thromboembolic complications in SCI patients is associated with several
factors including venous stasis resulting from immobilization, paresis or paralysis, decreased muscle
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contractibility, previous VTE, and infections [1,7,8]. In addition, patients with SCI exhibit hemostasis
disorders, which can contribute to the VTE [6,9,10].

Rehabilitation of patients after SCI in the subacute or chronic phase involves regular physical
activity of moderate intensity. The effect of a systematic moderate-intensity rehabilitation on hemostasis
in the SCI patients has not been definitely assessed. Based on the results of previous studies that
were conducted in other populations, it has been proven that exercise, especially of high intensity,
has an impact on coagulation and fibrinolysis and may be responsible for the sudden death of persons
participating in a marathon or triathlon [11,12]. On the other hand, it is widely known that regular,
moderate exercise exerts a positive effect on the cardiovascular system [13].

In clinical practice, D-dimer concentration, platelet (PLT) count, and antithrombin (AT) activity
are the most commonly measured parameters in patients with suspected VTE. Tissue factor (TF),
tissue factor pathway inhibitor (TFPI) and thrombin–antithrombin (TAT) complex levels are rarely
assessed in routine clinical practice. TF, previously known as thromboplastin, is a protein that initiates
coagulation through the so-called extrinsic coagulation pathway [14–16]. It serves as a receptor for
factor VII with which it forms the TF/VII complex, resulting in thrombin formation as well as deposition
of fibrin and platelets in the process of clot formation [16–19]. TPFI is an endogenous physiological
inhibitor of the TF/VII complex. Its anticoagulant properties are involved only in the coagulation
pathway initiated by TF [20,21]. TAT complex is an indicator of prothrombin to thrombin activation
and is one of the principal markers of blood hypercoagulability [22].

The objective of this research was to assess whether a four-week systematic rehabilitation involving
moderate-intensity exercises affects selected parameters of coagulation and fibrinolysis in patients with
SCI. To the best of our knowledge, our study is the first to investigate these interactions in such a specific
population of patients. We measured the concentration of TAT complex, AT activity, D-dimer levels,
PLT count, and extrinsic coagulation pathway factors, such as TF and TFPI levels. Our hypothesis was
that regular, moderate exercise can reduce the activation of coagulation and fibrinolysis factors and,
thus, may mitigate thromboembolic complications in the SCI patients.

2. Material and Methods

2.1. Study Design

This prospective study included patients with SCI who were hospitalized at the Department of
Rehabilitation, the University Hospital No. 1 in Bydgoszcz, Poland, from 2011 to 2017. Every patient
with SCI admitted to the Department of Rehabilitation in the period from 2011 to 2017 who agreed to
participate was included in the study. Based on previous studies on the time course of the occurrence
of VTE events post-SCI [1,6,7] as briefly summarized in Section 1, the patients were divided into the
following three groups according to time elapsed since injury: group I (>3 weeks to 3 months, subacute
phase), group II (>3 months to 6 months, early chronic phase), and group III (>6 months, late chronic
phase). The study was approved by the local bioethical committee (KB 295/2011, 5 May 2011) and all
patients signed an informed consent form.

All patients underwent clinical examination for assessment of paresis and symptoms of DVT such
as edema, increased temperature, and erythema of the upper and lower limbs. They were also subjected
to Doppler ultrasound examination of the lower-limb venous system and were graded according to
the American Spinal Injury Association Impairment Scale (AIS). The occurrence of post-traumatic
complications, such as decubitus ulcers, heterotopic ossifications, or urinary tract infection was also
recorded (Table 1). PLT count, TF, TFPI, TAT complex and D-dimer plasma levels, and AT activity were
measured in all patients at the time of admission and after four weeks of rehabilitation. Because normal
reference ranges for TF, TFPI and TAT plasma concentrations were not available, their levels were also
assessed in a control group of 42 individuals without SCI.
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Table 1. Study group characteristics: number of patients (N) with specific symptoms.

Symptom or Incident N (%)

Tetraplegia 34 (43.6%)
Flaccid paraplegia 18 (23.1%)
Spastic paraplegia 26 (33.3%)

Cervical spine injury 37 (44.4%)
Thoracic spine injury 33 (42.3%)

Lumbosacral spine injury 8 (10.3%)
AIS A 34 (43.6%)
AIS B 30 (36.5%)
AIS C 14 (17.9%)

Decubitus ulcers 11 (14.1%)
Urinary tract infection 26 (33.3%)

Heterotopic ossifications 13 (16.6%)
Administration of LMWH 53 (67.9%)

Deep vein thrombosis 7 (9.0%)
Superficial vein thrombosis of the lower limbs 4 (5.1%)

Pulmonary embolism 0

Data represent the number of patients (N) including the percentage of total number (%). Abbreviations:
AIS—American Spinal Injury Association Impairment Scale; AIS A—impairment is complete according to AIS; AIS
B and C—impairment is incomplete according to AIS; LMWH—low-molecular-weight heparin.

All patients underwent a four-week course of rehabilitation program, which included about two
hours of moderate exercise a day with verticalization, wheelchair adaptation if necessary, passive and
active exercises of the upper and lower limbs, resistance training, learning to move in a wheelchair,
self-service, or learning to walk. The intensity of exercise was estimated as moderate but the maximal
oxygen consumption (VO2 max) parameter that qualifies exercise as low, moderate, or high intensity
was not assessed.

The plasma concentrations of TF, TFPI, and TAT complex were determined by enzyme-linked
immunosorbent assay (ELISA) using specific IMUBIND® kits (Sekisui Diagnostics). Plasma levels
of D-dimer were determined by INNOVANCE® D-Dimer (Siemens Healthcare Diagnostic Products
GmbH), which is a particle-enhanced immunoturbidimetric assay for the quantitative determination
of cross-linked fibrin degradation products (D-dimers). AT activity was measured by a chromogenic
test, INNOVANCE Antithrombin (Siemens Healthcare). Platelets were counted with a Sysmex
hematology analyzer.

There was no control group of patients with SCI who did not receive rehabilitation after injury
due to the difficulty in accessing such patients, especially in the subacute stage up to three months after
injury. If patients are not receiving rehabilitation during this period, it is usually because of severe
complications of the trauma that preclude rehabilitation.

2.2. Statistical Analysis

Statistical analyses were conducted using Statistica 13.1 software (StatSoft Europe GmbH,
Hamburg, Germany). Analyzed parameters were characterized by non-normal distribution. Hence,
the non-parametric tests, Mann–Whitney U and Wilcoxon signed-rank, were used to evaluate the
differences between groups for hemostasis parameters. For demographic and clinical characteristics,
the differences between the groups were analyzed using the Kruskal–Wallis and post hoc Fisher’s
Least Significant Difference tests. A probability level of p < 0.05 was considered statistically significant.
Median (Me) and quartiles (lower Q25 and upper Q75) were used to describe the variables.

3. Results

Initially, 88 patients with SCI were enrolled in the study, but 10 patients discontinued rehabilitation
prematurely, so 78 patients were included in the final analyses. Reasons for not completing the
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rehabilitation program included transfer to another hospital or a rehabilitation time of less than four
weeks. The final group comprised 66 men (84.6% of total) and 12 women (15.4%). The average age of
the patients in the study group was 37.7 years (±15.7 years); the women were older (42 ± 20.8 years)
compared to men (37 ± 14.6 years). The minimum age was the same in the women and the men
(18 years), while the maximum age varied; it was higher in men at 80 years. The mean time elapsed
since injury was 7.9 months (±13.3 months). There were 34 patients in group I, 22 patients in group II,
and 22 patients in group III.

The clinical characteristics of the study group are shown in Table 1.
No significant differences were found between groups I, II, and III for age, gender, body mass

index, urinary tract infections, decubitus ulcers, the AIS grades, as well as thoracic and lumbosacral
spine injuries. There were more patients with cervical spine injury in group III (77.3% of patients)
compared to group II (40.9%) and group I (32.3%) (p = 0.012 for group II vs. III, p = 0.001 for group I vs.
III). This result is expected because the patients with cervical spine injury often undergo rehabilitation
in the chronic phase of SCI due to significant neurologic deficits. Heterotopic ossifications occurred at
higher rate in groups II and III (27.3% of patients in each group) compared to group I (2.9%) (p = 0.016
for group I vs. II and I vs. III). Low-molecular-weight heparin (LWMH) was used more frequently in
group I (94.1% of patients) compared to group II (63.6%) and group III (31.8%) (p = 0.006 for group
I vs. II, p = 0.009 for II vs. III, and p = 0.001 for I vs. III). It is clinically justifiable that LMWH is
administered most frequently for VTE prophylaxis and treatment in patients with most recent SCI and
higher thromboembolic risk.

In the entire study group, seven patients (9% of all patients) were diagnosed with DVT and four
patients (5.1%) with superficial vein thrombosis, and all these patients were from group I. No cases of
PE were observed in the studied population during hospitalization when the rehabilitation program
was conducted. No significant correlations were found between DVT occurrence and the following
clinical factors: urinary tract infections, heterotopic ossifications, decubitus ulcers, AIS score, level of
spinal injury, or type of paresis. The majority of patients (67.9% of total) received LMWH. No bleeding
complications were observed. In addition, we note that patients enrolled in this study had no
underlying bleeding disorders. The control group consisted of 42 subjects without SCI including
31 men and 11 women, with an average age of 41.2 years (±15.4 years).

The results of TF, TFPI, and TAT complex assays, which were performed in the study group
and in the control group before rehabilitation program, are presented in Table 2. In the study group,
the concentration of TF was over threefold higher, the TFPI almost twofold higher, and the TAT complex
4.5-fold higher than in the control group. These differences were statistically significant.

Table 2. Plasma concentrations of TF, TFPI, and TAT complex in the study group vs. the control group
before four-week rehabilitation program.

Study Group
N = 78

Control Group
N = 42

p-Value between
Groups

Parameter Median Q25/Q75 Median Q25/Q75
TF (pg/mL) 453.84 327.30/567.66 128.26 90.44/183.40 0.000

TFPI (ng/mL) 103.26 59.36/131.50 59.90 43.30/96.76 0.001
TAT (ng/mL) 8.75 5.29/17.54 2.20 1.98/3.36 0.000

Abbreviations: TAT—thrombin–antithrombin complex; TF—tissue factor; TFPI—tissue factor pathway inhibitor;
Q25—lower quartile; Q75—upper quartile.

Evaluation of hemostatic parameters in the study group before and after a four-week rehabilitation
program is displayed in the Table 3. Before rehabilitation, high TF, TAT complex, and D-dimer
concentrations were observed. After rehabilitation, we observed a significant reduction in D-dimer
level. TFPI concentrations and AT activity also decreased after the rehabilitation and the differences
before and after rehabilitation reached approximately the level of significance. The median values of AT
activity and PLT count in SCI patients were within normal limits both before and after rehabilitation.
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Table 3. Parameters of hemostasis in the study subjects before and after a four-week
rehabilitation program.

Test (N = 78)
Before

Rehabilitation
After

Rehabilitation
p-Value between

Groups

Parameter Units Median Q25/Q75 Median Q25/Q75
PLT count g/L 252.00 204.00/352.00 249.00 211.00/317.00 0.116

TF pg/mL 453.84 327.30/567.66 459.76 348.20/546.84 0.371
TFPI ng/mL 103.26 59.36/131.50 92.34 52.84/132.04 0.075
AT % 101.95 94.80/112.00 101.05 91.40/106.70 0.071

TAT ng/mL 8.75 5.29/17.54 6.70 4.50/10.88 0.48
D-dimer ng/mL 1249.50 600.00/2540.00 903.50 430.00/1743/00 0.001

Abbreviations: AT—antithrombin activity; PLT—platelet; TAT—thrombin–antithrombin complex; TF—tissue factor;
TFPI—tissue factor pathway inhibitor; Q25—lower quartile; Q75—upper quartile.

The results of the measurements of hemostatic parameters in the groups of patients based on time
elapsed since SCI are presented in the Table 4 (group I), Table 5 (group II), and Table 6 (group III).
Elevated levels of TF, TFPI, and TAT complex, as well as very high D-dimer concentrations were found
on admission in patients from group I (3 weeks to 3 months from injury) (Table 4). After four weeks
of rehabilitation, in group I we observed a significant reduction in D-dimer levels from a median of
2387 to 1252 ng/mL. There was also a significant reduction in AT activity after rehabilitation in group I,
although it stayed within reference ranges both before and after rehabilitation.

Table 4. Parameters of hemostasis before and after a four-week rehabilitation program in patients from
group I (three weeks to three months after injury).

Test (N = 34)
Before

Rehabilitation
After

Rehabilitation
p-Value between

Groups

Parameter Units Median Q25/Q75 Median Q25/Q75

PLT count g/L 262.0 242.0/352.0 255.0 218.0/348.0 0.180
TF pg/mL 482.1 338.9/572.6 492.2 366.6/582.4 0.447

TFPI ng/mL 90.5 52.8/155.9 93.3 47.7/139.9 0.301
AT % 102.5 97.4/114.9 100.2 91.1/105.0 0.009

TAT ng/mL 10.3 5.9/18.9 7.5 5.8/12.6 0.326
D-dimer ng/mL 2387.5 1250.0/5190.0 1252.0 580.0/2240.0 0.000

Abbreviations: AT—antithrombin activity; TAT—thrombin–antithrombin complex; TF—tissue factor; TFPI—tissue
factor pathway inhibitor; Q25—lower quartile; Q75—upper quartile.

Table 5. Parameters of hemostasis before and after a four-week rehabilitation program in patients from
group II (three months to six months after injury).

Test (N = 22)
Before

Rehabilitation
After

Rehabilitation
p-Value between

Groups

Parameter Units Median Q25/Q75 Median Q25/Q75
PLT count g/L 322.00 229.00/363.00 262.50 216.00/322.00 0.042

TF pg/mL 453.84 337.59/617.60 451.31 333.12/506.50 0.485
TFPI ng/mL 111.34 72.20/143.44 88.32 60.96/139.70 0.022
AT % 97.65 90.30/111.00 99.10 87.00/107.80 0.126

TAT ng/mL 10.40 7.18/23.48 9.66 4.50/15.22 0.906
D-dimer ng/mL 1033.50 515.00/1800.00 935.50 430.00/1475.00 0.733

Abbreviations: AT—antithrombin activity; TAT—thrombin–antithrombin complex; TF—tissue factor; TFPI—tissue
factor pathway inhibitor; Q25—lower quartile; Q75—upper quartile.
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Table 6. Parameters of hemostasis before and after a four-week rehabilitation program in patients from
group III (more than six months after injury).

Test (N = 22)
Before

Rehabilitation
After

Rehabilitation
p-Value between

Groups

Parameter Units Median Q25/Q75 Median Q25/Q75
PLT count g/L 205.50 181.00/265.00 221.00 204.00/262.00 0.372

TF ng/mL 388.90 290.25/532.81 442.09 357.50/498.14 0.050
TFPI ng/mL 93.75 59.36/118.12 104.46 58.36/126.60 0.808
AT % 102.55 94.00/109.20 104.05 100.50/112.00 0.095

TAT ng/mL 5.40 3.65/11.52 5.15 3.06/6.26 0.091
D-dimer ng/mL 522.00 284.00/1057.00 420.00 262.00/711.00 0.768

Abbreviations: AT—antithrombin activity; TAT—thrombin–antithrombin complex; TF—tissue factor; TFPI—tissue
factor pathway inhibitor; Q25—lower quartile; Q75—upper quartile.

Among patients from group II (3 to 6 months after injury) high TF, TFPI, TAT complex, and D-dimer
levels were noted on admission (Table 5). A significant decrease in PLT count and TFPI level was
observed after rehabilitation in group II.

The patients from group III (>6 months after SCI) demonstrated on admission high concentrations
of TF, TFPI, and TAT complex compared to the control group, as well as slightly elevated D-dimer levels
(Table 6). A significant increase in TF concentrations was observed after rehabilitation in group III.
A decrease in D-dimer levels after rehabilitation was not statistically significant in group III; however,
the median value of D-dimer concentration was within normal limits after rehabilitation (Table 6).

The analysis of the measurements of hemostasis parameters in all three groups of SCI patients
indicated that D-dimer levels decreased gradually with increasing time elapsed since SCI both at
hospital admission (i.e., before rehabilitation) and after rehabilitation, from the highest values in group
I before rehabilitation to almost normal levels in group III after rehabilitation (Tables 4–6). It should
be emphasized that TF, TFPI, and TAT levels were significantly higher in all SCI groups both before
and after rehabilitation compared to the control group (Tables 2 and 4–6). However, we did observe a
gradual reduction in TF and TAT complex concentrations as time progressed.

4. Discussion

To our knowledge, this is the first study to examine the effect of a systematic rehabilitation
program on hemostasis in patients with SCI. We found that patients after SCI showed a continued
activation of coagulation and fibrinolytic system long term after injury despite participation in a
four-week rehabilitation program. Importantly, no decrease in activation of TF-dependent coagulation
was observed after rehabilitation, as evidenced by persistently high TF, TFPI, and TAT, regardless
of time period within which rehabilitation was carried out. Significant increase in TF level after
rehabilitation that was conducted beyond six months after injury suggests that rehabilitation may even
induce prothrombotic potential in patients leading a sedentary lifestyle in the chronic phase of SCI.
However, D-dimer levels decreased significantly after rehabilitation, the most within 3 months after
SCI, which may indicate a reduction of high fibrinolytic potential, especially when rehabilitation was
done in the subacute phase of SCI.

Our findings consistently demonstrate the presence of pronounced activation of coagulation
in patients hospitalized in both the subacute and chronic phase of SCI, which was manifested by
significantly elevated concentrations of TF and to a lesser extent TFPI, in all examined groups of
patients regardless of time elapsed since SCI. In addition, we observed that TF level remained elevated
after a four-week course of rehabilitation, or even increased significantly in patients undergoing
rehabilitation beyond six months after SCI. Moreover, TFPI levels remained high after rehabilitation,
although a significant drop in TFPI was observed after rehabilitation that was carried out between
three to six months after SCI. Similarly, a high concentration of the TAT complex was observed both
before and after rehabilitation in all SCI groups regardless of time elapsed since injury, but particularly
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in patients up to six months after injury. Beyond six months after SCI, the TAT complex concentrations
both before and after rehabilitation were found to be lower, although they still exceeded the values
found in the control group more than twofold.

Additionally, we observed a significant contribution of fibrinolysis in the process of hemostasis
among patients after SCI. Increased concentrations of D-dimer in SCI patients suggest activation of
fibrinolysis, which is secondary to excessive blood coagulation. Activation of fibrinolysis was noted
especially in patients who were up to six months after SCI. Fibrinolysis is a natural compensation
mechanism in the presence of blood hypercoagulability. Endothelial cells lining the circulatory system
produce and secrete tissue plasminogen activator (tPA) into the blood, which degrades micro-clots
forming in the endothelium by transforming plasminogen to plasmin [23]. However, our study
demonstrated that systematic exercise of moderate intensity led to a reduction of blood D-dimer levels
in SCI patients. The greatest reduction of D-dimer levels following rehabilitation was observed in
the group of patients undergoing a four-week program of rehabilitation in the subacute phase (up to
three months) after SCI, while a smaller effect of rehabilitation was found with increasing time elapsed
since injury.

Detailed analysis of study parameters showed varying results depending on the time after SCI
when rehabilitation took place. In a group of 34 patients undergoing rehabilitation within the first
three months after injury, we observed a decrease of D-dimer level, as well as a reduction in AT activity.
In a group of 22 patients who were subject to rehabilitation between three and six months after SCI,
exercise led to a decrease of PLT count and TFPI concentration. Rehabilitation that was conducted in
22 patients who were after six months from injury caused a significant increase in TF concentration.

Several publications have reported elevated D-dimer levels in patients after SCI in both the acute
and chronic phase [6,24,25]. It should be emphasized that increased D-dimer is often observed in
patients after SCI without a diagnosis of VTE [24–26]. D-dimer is formed by the degradation of fibrin,
the main component of a clot, by plasmin. Boudaoud et al. [24] and Roussi et al. [25] stated that
persistently elevated D-dimer levels in the chronic phase after injury were associated with persistent
prothrombotic processes and absence of proper fibrinolytic potential. This is consistent with our results,
which indicated a persistent activation of coagulation in patients admitted to hospital in the period
from three weeks to over six months after injury. The patients after SCI exhibited significantly elevated
concentrations of TF, TFPI, and TAT compared to the control group, while increased D-dimer levels,
especially within the first three months, indicated persistently increased fibrinolytic potential.

The influence of physical activity on coagulation and fibrinolysis was investigated in various
populations and, while some studies reported increased coagulation and fibrinolysis after exertion,
others found a reduction [27–31]. In our study, we observed a decrease in D-dimer formation in patients
after four weeks of rehabilitation, which was most pronounced in the group of patients who had
rehabilitation within the first three months after injury. In addition, the D-dimer levels decreased with
time since injury. The decrease in D-dimer after rehabilitation may be related to the rehabilitation itself
or to reduced number of complications in the subacute and chronic phase after SCI such as infections,
decubitus ulcers, or acute heterotopic ossifications, which may affect activation of coagulation and
fibrinolysis [32].

In a study of 4000 elderly men, Wannamethee et al. [27] concluded that physical activity had an
inversely proportional effect on many components of hemostasis including PLT count, factors VII
and XI, tPA, activated partial thromboplastin time (APTT), D-dimer, as well as inflammatory factors
such as C-reactive protein (CRP) and leukocyte count. Their study confirmed that systematic physical
activity produced changes in factors involved in coagulation as well as fibrinolysis. In our study,
after a four-week rehabilitation program, we observed a reduction in fibrinolysis and persistently
high values of the coagulation parameters such as TF and TAT. In contrast, Molz et al. [28] observed
an increase in factors involved in fibrinolysis such as D-dimer, plasminogen activator inhibitor (PAI)
concentration, and PAI activity immediately after moderate-to-intense exercise as well as during the
30-minute recovery time. These authors suggested that elevated D-dimer levels after exercise and in
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the first 30 min of recovery indirectly indicate an increase in fibrin formation. They also observed
shortening of APTT which could reflect simultaneous activation of coagulation and fibrinolysis during
moderate-to-intensive exercise. Other researchers, including van den Burg et al. [33], also observed an
increase in D-dimer concentration after physical exercise. Lippi et al. [30] measured D-dimer levels
and concentrations of coagulation factors such as VIIa, VIIIa, and von Willebrand Factor (vWF) in
professional cyclists and cross-country skiers and compared them to individuals leading sedentary
lifestyle, but did not find significant differences between the two groups. Similarly, Clark et al. [31],
who evaluated the hemostatic parameters such as D-dimer, tPA, and fibrinogen as well as CRP in
volunteers after four weeks of endurance training, did not observe significant changes other than a
sudden increase in tPA levels immediately after exercise.

Dimitriadou et al. [34] reported an increased number of PLTs and augmented platelet aggregation
in Finish runners after a marathon. Increased PLT counts were also found in sedentary children after
moderate exercise, and the elevated PLT levels persisted for 24 h [35]. In our study, however, we did
not observe an increased number of PLT after four weeks of rehabilitation but the opposite, i.e., PLT
level decreased in group of patients undergoing rehabilitation between three to six months after SCI.
Lippi et al. [29] claimed that intense physical activity led to transient hypercoagulability, especially in
normally sedentary patients, which might result in thrombotic complications and sudden death. In our
study, we observed significant increase in TF concentration after rehabilitation when it was conducted
beyond six months after SCI. Such patients are usually wheelchair-bound for many months and their
ability to exercise is limited. However, no complications such as DVT were observed in our study in
this group of patients.

A review of the literature reveals that changes in hemostasis depend on the intensity of exertion
and on when the clotting and fibrinolysis parameters are measured, i.e., whether they are analyzed
immediately after single exercise or, as in our study, after a rehabilitation program consisting of several
weeks of exercise. Lippi et al. [29] postulated that intense exertion led only to short-lasting, transient
changes in coagulation. Van den Burg et al. [33] observed after exercises in healthy subjects with
different ages increased concentrations of selected parameters of the intrinsic coagulation pathway in
the absence of changes in the extrinsic and common coagulation pathways. They reported increases
in concentrations of coagulation factors of the intrinsic pathway and TAT complex, which reflected
thrombin formation (common pathway). Further augmentation of components of the intrinsic
coagulation pathway occurred immediately after exercise. These authors also demonstrated increased
fibrinolysis as reflected by increased D-dimer formation during submaximal and maximal exercise,
as well as immediately afterward [33]. Collins et al. [36], on the other hand, examined parameters
of hemostasis immediately after physical activity among patients with intermittent claudication vs.
healthy subjects. They noted increased TAT and D-dimer levels after exertion in both groups. A review
of available studies on the effects of various types of physical activity on hemostasis reveals some
disparities with regard to the involvement of extrinsic (TF, TFPI, fVII, PT) or intrinsic (fV, VIII, IX,
APTT) coagulation pathways in the processes of hemostasis.

In our study, after four weeks of rehabilitation, we observed no changes in TF (except for elevated
levels in patients undergoing rehabilitation during a period that begins more than six months after
SCI), TFPI (except for a decrease in patients between three to six months after SCI), and TAT levels.
The lack of activation of the extrinsic coagulation pathway after exertion in our study is consistent
with results of Weiss et al. [37] and Lund et al. [38], who also observed no increase in TF expression
following intensive exercise. Weiss et al. [37] postulated that the extrinsic coagulation pathway was
not responsible for the formation of thrombin and fibrin after exercise. Menzel et al. [39], however,
studied the influence of maximal and submaximal exertion in a group of young (24 years old) and
middle-aged (48 years old) people and observed an increase in the levels of selected components of the
extrinsic and intrinsic pathways after exercise.

The incidence of VTE in the general population averages 0.5% among individuals less than
50 years of age and increases with age, reaching 3.8% in patients above the age of 80 [40]. Patients
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after SCI are usually young and at a very high risk of VTE, especially in the acute phase after injury,
as evidenced by the frequency of DVT of 5.4 to 27% and PE of 4 to 5.2% [1–7]. In our study that
included patients in the subacute and chronic phase after SCI, with an average age of 37.7 years,
VTE was observed in 9% of patients. The significant disturbances of hemostasis following SCI have
been reported to contribute to higher incidence of VTE in the SCI patients [6,9,10,41,42]. Our findings
indicate that systematic moderate exercise can affect the hemostasis disorders in patients with SCI
and these effects vary depending on time elapsed since injury. The SCI patients participating in an
exercised-based rehabilitation program showed a continued activation of coagulation and fibrinolytic
system with accompanying depletion of fibrinolysis. In general, these results imply the persisting risk
of VTE events in patients participating in the rehabilitation program after SCI. These findings have
clinical implications for post-SCI management, especially with regard to the modalities and timing of
rehabilitation programs. However, further studies are needed with longer-term follow-up and larger
groups of SCI patients, including those at a higher risk of VTE complications in the acute phase of SCI,
to identify the prognostic markers for VTE events and address the mechanisms of hemostasis disorders.

5. Limitations of the Study

There was no control group that included SCI patients who did not undergo rehabilitation due to
the difficulty of accessing such patients, especially in the subacute phase of SCI, up to three months
after injury. If patients are not subject to rehabilitation during this period, it is usually because they
have severe complications that preclude exercising.

6. Conclusions

No decrease in activation of TF-dependent coagulation, as evidenced by persistently high TF,
TFPI, and TAT complex levels, was observed in patients with SCI after a four-week rehabilitation
program of moderate-intensity exercises regardless of time elapsed since injury. Significant increase in
TF levels after rehabilitation that was carried out beyond six-month after SCI implies that exercise may
induce additional prothrombotic potential in individuals leading sedentary lifestyle in the chronic
phase of SCI. Persistently elevated concentrations of TF, TFPI, and TAT complex were not associated
with the occurrence of VTE incidents during the observation period. Significant decrease in D-dimer
levels after rehabilitation was observed which may indicate a reduction of high fibrinolytic potential,
especially when rehabilitation was carried out in the subacute phase of SCI.
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Abstract: Background: Thoracolumbar spine fractures in multiple-injured patients are a common
injury pattern. The appropriate timing for the surgical stabilization of vertebral fractures is still
controversial. The purpose of this study was to analyse the impact of the timing of spinal surgery
in multiple-injured patients both in general and in respect to spinal injury severity. Methods:
A retrospective analysis of multiple-injured patients with an associated spinal trauma within the
thoracic or lumbar spine (injury severity score (ISS) >16, age >16 years) was performed from January
2012 to December 2016 in two Level I trauma centres. Demographic data, circumstances of the
accident, and ISS, as well as time to spinal surgery were documented. The evaluated outcome
parameters were length of stay in the intensive care unit (ICU) (iLOS) and length of stay (LOS) in
the hospital, duration of mechanical ventilation, onset of sepsis, and multiple organ dysfunction
syndrome (MODS), as well as mortality. Statistical analysis was performed using SPSS. Results:
A total of 113 multiple-injured patients with spinal stabilization and a complete dataset were included
in the study. Of these, 71 multiple-injured patients (63%) presented with an AOSpine A-type spinal
injury, whereas 42 (37%) had an AOSpine B-/C-type spinal injury. Forty-nine multiple-injured
patients (43.4%) were surgically treated for their spinal injury within 24 h after trauma, and showed a
significantly reduced length of stay in the ICU (7.31 vs. 14.56 days; p < 0.001) and hospital stay (23.85
vs. 33.95 days; p = 0.048), as well as a significantly reduced prevalence of sepsis compared to those
surgically treated later than 24 h (3 vs. 7; p = 0.023). These adverse effects were even more pronounced
in the case where cutoffs were increased to either 72 h or 96 h. Independent risk factors for a delay in
spinal surgery were a higher ISS (p = 0.036), a thoracic spine injury (p = 0.001), an AOSpine A-type
spinal injury (p = 0.048), and an intact neurological status (p < 0.001). In multiple-injured patients
with AOSpine A-type spinal injuries, an increased time to spinal surgery was only an independent
risk factor for an increased LOS; however, in multiple-injured patients with B-/C-type spinal injuries,
an increased time to spinal surgery was an independent risk factor for increased iLOS, LOS, and the
development of sepsis. Conclusion: Our data support the concept of early spinal stabilization in
multiple-injured patients with AOSpine B-/C-type injuries, especially of the thoracic spine. However,
in multiple-injured patients with AOSpine A-type injuries, the beneficial impact of early spinal
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stabilization has been overemphasized in former studies, and the benefit should be weighed out
against the risk of patients’ deterioration during early spinal stabilization.

Keywords: multiple-injured patient; spine injury; AOSpine classification; time to surgery; sepsis

1. Introduction

The patient with multiple injuries is a unique challenge for the trauma care team, even more
so in association with spinal fractures. Traumatic spinal injuries in multiple-injured patients are
less common in comparison to extremity injuries but present with an increasing incidence over the
last decades [1,2]. Most of these injuries are located within the thoracic and lumbar spine and are
accompanied by lung contusion and/or abdominal trauma [3,4]. Beside worse outcomes, a cost analysis
showed that apart from injuries of the head, associated spinal lesions in multiple-injured patients result
in higher hospitalisation costs and prolonged length of stay (LOS) [5].

Controversy still arises concerning the optimal timing for spinal surgery in the multiple-injured
patient. In the literature, the discussion has ultimately focused on the question of early versus late
surgical treatment and its consequences on mortality and the patients’ outcome [6,7]. Recent register
studies generally advocate that early spinal stabilization is beneficial for multiple-injured patients,
mainly due to the increased possibility of early patient mobilisation in the ICU [8]; however, these
register studies do not differentiate the wide variety of different spinal injuries. For example, although
AOSpine A-type fractures are managed surgically in some countries to maintain sagittal spinal balance,
they are—from a biomechanical viewpoint—stable enough to tolerate early mobilisation in the ICU
without the risk of neurological compromise. Therefore, a general recommendation to perform early
spinal stabilization, which is definitely a surgical burden and second hit in this scenario, may not be
justified, and may even jeopardize multiple-injured patients with biomechanically stable spinal injuries.

For this reason, the aim of the present study is to analyse the impact of the timing of spinal surgery
in multiple-injured patients both in general and in respect to spinal injury severity.

2. Methods

This retrospective two-centre study was conducted on all multiple-injured patients with spinal
injuries who were admitted to one of the two level I trauma hospitals between January 2012 and
December 2016. Patients were eligible for further analysis if they met the following inclusion criteria:
age >16 years; injury severity score (ISS) >16; associated spinal injury within the thoracic or lumbar
spine; and a fully available computed tomography scan for spinal injury classification, according to the
established AOSpine Classification [9]. Demographic data, circumstances of the accident, overall injury
severity score (ISS), and time to spinal surgery (24, 72, and 96 h) were documented. Measured outcome
parameters were duration of mechanical ventilation, intensive care unit (ICU) length of stay (iLOS),
length of hospital stay (LOS), development of sepsis or multiple organ dysfunction syndrome (MODS),
and death. Organ failure was defined according to the sequential organ failure assessment (SOFA)
score: a value in one or more organ systems of ≥3 points was defined as single or multiple organ failure.
Sepsis was defined as systemic inflammatory response syndrome (SIRS) combined with bacteraemia.

Data were collected from the inhouse clinical documentation system. Counts and frequencies were
used to describe the sample. Correlation analysis (Spearman) was used to determine any dependence
between the variables. For evaluation of influencing factors on the timing of surgery, a chi-square
test and a one-way ANOVA was performed. Fisher’s exact test was used for categorical variables.
Multivariable logistic regression analysis was performed using time to surgery, LOS, iLOS, and sepsis
as dependent variables. Results are presented as odds ratios (ORs) with 95% confidence intervals.
Significance was set at p < 0.05 for all statistical tests. A power analysis was carried out with G *
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Power (3.1.9.3, IBM) and resulted in the following statistical power for each statistical test: 0.998 for the
ANOVA, 0.963 for the t-test, and 0.999 for both the correlation analysis and the regression analysis.

All testing procedures were performed exploratively, so no adjustment for multiple testing has
been made. Statistical analyses were performed with IBM SPSS software (version 23; IBM Corp.,
Armonk, New York, NY, USA). The study complies with the principles of the Declaration of Helsinki
(2013) and was approved by the local ethical committee (#EK056/17).

3. Results

3.1. Demographics

A total of 250 multiple-injured patients with vertebral fractures within the thoracolumbar spine
were identified (Table 1). The population consisted of 72 (29%) female and 178 male (71%) patients with
a mean age of 46 ± 19 years. The mean ISS was 24.8 ± 12.6 points. The most common injury pattern was
a fall of >3 m (n = 102, 41%), followed by car accident (n = 39, 16%) and motorcycle accident (n = 38,
15%). In 153 patients (61%) the lumbar spine and in 97 patients (38%) the thoracic spine was involved.
In 127 patients (51%) spinal stabilization was performed, of whom 14 patients had to be excluded due
to missing data (Figure 1). Thus, 113 patients were included for further statistical analysis.

Table 1. Baseline demographics for spinal fractures in multiple-injured patients.

Demographics

mean age (SD, years) 46.4 (18.9)
female (%) 72 (28.8%)
male (%) 178 (71.2%)

mean ISS (SD) 24.8 (12.6)

Mechanism of Injury (n)

high fall (>3 m) 102
car accident 39

motorcycle accident 38
low fall (<3 m) 26

other 19
bicycle accident 15

pedestrian 11

AIS ≥3 (n)

Head and Face 84
Thorax 124

Abdomen 35
Pelvis 54

Extremities 139

Spine Level (n)

thoracic 97
lumbar 153

ISS: injury severity score; AIS: abbreviated injury scale.

3.2. Spinal Injury Severity According to the AOSpine Classification

Within the group of the operatively treated patients, 71 fractures (63%) were classified as AOSpine
A-type injuries, whereas 42 fractures (37%) were classified as AOSpine B-/C-type injuries (Figure 2).
Seventeen thoracic and 18 lumbar spinal injuries were associated with neurological impairment.

155



J. Clin. Med. 2020, 9, 1760

Figure 1. Flowsheet of the included population.

 

Figure 2. Distribution of the fracture type within the thoracic and lumbar spine of the surgically
treated patients.

3.3. Time to Spinal Surgery

Time to spinal surgery for the 113 multiple-injured patients included in the study is presented in
Figure 3. Setting a cutoff of 24 h for spinal surgery, 49 patients (43.4%) were treated within 24 h after
trauma. Twenty-one of these patients presented with an AOSpine B-/C-type injury. Increasing the
cutoff to 72 h for spinal surgery, 75 patients (66.4%) were treated within 72 h after trauma, of whom 32
patients presented with an AOSpine B-/C-type injury. Further increasing the cutoff to 96 h, 81 patients
(71.7%) were treated within 96 h after trauma, of whom 33 patients presented with an AOSpine
B-/C-type injury. Regression analysis identified a higher ISS, the thoracic spine injury location, A-type
injuries, and the absence of an evident neurological deficit as independent risk factors for a delay in
spinal surgery (Table 2).
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Figure 3. Distribution of the time to surgery related to three defined time points: 24, 72, and 96 h.

Table 2. Regression analysis for time to surgery (dependent variable: >24 h).

Regression Coefficient p-Value OR 95% CI

Age −0.007 0.604 0.993 0.97–1.02
ISS 0.041 0.036 1.042 1.00–1.08

Thoracic spine 1.889 0.001 0.151 0.05–0.46
A-type injuries 1.129 0.048 3.094 1.01–9.48

No neurological deficit 2.205 <0.001 9.069 2.82–29.20

Bold marked values indicate significant parameters. OR: odds ratio.

3.4. Impact of Time to Spinal Surgery on Patients´ Outcome

Comparison of multiple-injured patients surgically treated for their spinal injury within 24 h as
compared to those surgically treated later than 24 h is shown in Table 3. Multiple-injured patients with
their spinal injuries surgically treated within 24 h showed a significantly reduced length of ICU stay
by 7 days (7.31 days vs. 14.56 days; p < 0.001) as compared to those were operated on later than 24 h
while having a comparable overall injury severity (ISS: 23.69 vs. 24.80; p = 0.672). Furthermore, the
length of hospital stay was significantly reduced by 10 days (23.85 days vs. 33.95 days; p = 0.048). The
prevalence of sepsis was significantly higher in multiple-injured patients surgically treated for their
spinal injury later than 24 h (9 vs. 1, respectively; p = 0.023). Mechanical ventilation time was higher in
patients surgically treated for their spinal injury later than 24 h, although this did not reach statistical
significance (150.94 h vs. 184.05 h, respectively; p = 0.525). The prevalence of MODS or death showed
no statistical difference between both groups.

Table 3. Stratification analysis (ANOVA and chi-square test) for the time to surgery (<24 vs. >24 h).

Parameter 
Time 

24 h >24 h p-Value 

n 49 64  
Age (years) 44.07 ± 18.79 47.91 ± 18.40 0.267 

ISS 23.69 ± 14.76 24.80 ± 11.29 0.672 
LOS (days) 23.85 ± 19.14 33.95 ± 30.63 0.048 
ICU (days) 7.31 ± 7.19 14.56 ± 13.93 <0.001 

mechanical ventilation (h) 150.94 ± 266.86 184.05 ± 279.64 0.525 
sepsis (n) 1 9 0.023 
MODS (n) 2 4 0.690 
death (n) 2 1 0.592 

Significant p-values are marked in bold. LOS: length of stay in the hospital; ICU: intensive care unit; MODS: multiple
organ dysfunction syndrome.
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Comparison of multiple-injured patients surgically treated for their spinal injury within 72 h as
compared to those surgically treated later than 72 h is shown in Table 4. Multiple-injured patients with
their spinal injuries surgically addressed later than 72 h showed a significant and twofold longer stay
in the ICU (17.5 days vs. 8.46 days, respectively; p < 0.001) and in the hospital (44.34 days vs. 22.49
days, respectively; p < 0.001). Mechanical ventilation time was higher in patients surgically treated
for their spinal injury later than 72 h, although this did not reach statistical significance (229.94 h vs.
141.56 h, respectively; p = 0.114). However, patients surgically treated for their spinal injury later than
72 h had a significantly higher ISS as compared to those patients treated within 72 h (28.05 vs. 22.49,
respectively; p = 0.03). The prevalence of sepsis, MODS, or death showed no statistical difference
between both groups.

Table 4. Stratification analysis (ANOVA and chi square test) for the time to surgery (<72 vs. >72 h).

Parameter 
Time 

72 h >72 h p-Value 

n 75 38  
Age (years) 45.70 ± 18.65 47.14 ± 18.70 0.700 

ISS 22.49 ± 12.80 28.05 ± 12.60 0.03 
LOS (days) 22.49 ± 16.99 44.34 ± 35.90 <0.001 
ICU (days) 8.46 ± 9.13 17.50 ± 14.79 <0.001 

mechanical ventilation (h) 141.56 ± 258.44 229.94 ± 297.85 0.114 
sepsis (n) 4 6 0.070 
MODS (n) 4 2 1.00 
death (n) 3 0 0.551 

Significant p-values are marked in bold.

Comparison of multiple-injured patients surgically treated for their spinal injury within 96 h as
compared to those surgically treated later than 96 h is shown in Table 5. Multiple-injured patients for
whom surgical treatment of their spinal injuries was postponed for more than 96 h showed a significant
and twofold longer stay in the ICU (8.55 days vs. 18.41 days respectively; p < 0.001) and in the hospital
(23.01 days vs. 45.84 days, respectively; p < 0.001). Although the overall injury severity was higher in
the group surgically treated for their spinal injuries after 96 h, it did not reach statistical significance
(27.72 vs. 22.94; p = 0.075). Furthermore, mechanical ventilation time was significantly and almost
twofold increased from 137.24 h to 250.81 h (p = 0.046). The prevalence of sepsis was also significantly
higher in the group surgically treated for their spinal injuries later than 96 h (7 vs. 3, respectively; p <
0.005). However, the prevalence of MODS or death was not higher in the group of multiple-injured
patients treated for their spinal injuries later than 96 h.

Table 5. Stratification analysis (ANOVA and chi-square test) for the time to surgery (<96 vs. >96 h).

Parameter 
Time 

96 h >96 h p-Value 

n 81 32  
Age (years) 45.15 ± 18.71 48.84 ± 18.31 0.340 

ISS 22.94 ± 12.50 27.72 ± 13.68 0.075 
LOS (days) 23.01 ± 16.81 45.84 ± 37.83 <0.001 
ICU (days) 8.55 ± 9.94 18.41 ± 15.43 <0.001 

Mechanical ventilation (hours) 137.24 ± 252.88 250.81 ± 308.83 0.046 
Sepsis (n) 3 7 <0.005 
MODS (n) 4 2 0.673 
Death (n) 3 0 0.562 

Significant p-values are marked in bold.
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Correlation analysis revealed that there was a significant correlation between time to spinal
surgery and outcome parameters (Table 6). Lengths of ICU and hospital stays showed a significant
correlation with increasing the time to spinal surgery. The development of sepsis further showed
a significant correlation with increasing time to spinal surgery. However, there was no correlation
between an increased time to spinal surgery and the development of MODS or death. Regression
analysis revealed that increased time to spinal surgery is an independent risk factor for an increased
ICU and hospital stay, and spinal stabilization later than 72 h an independent risk factor for the
development of sepsis (Table 7).

Table 6. Correlation analysis (Spearman) for time to surgery.

Parameter Time to Surgery

Age 0.31
ISS 0.25

LOS <0.001

ICU <0.001

Mechanical ventilation 0.08
MODS (n = 6) 0.49
Sepsis (n = 10) 0.01

Death (n = 3) 0.28

Significant p-values are marked in bold.

Table 7. Regression analysis with the dependent variables: LOS (days), length of stay in intensive care
(iLOS; days), and sepsis.

p-Value Regression Coefficient 95% CI

ICU Stay (iLOS)

Age 0.878 0.008 −0.10–0.12
ISS <0.001 0.447 0.27–0.62

Localisation 0.040 −4.526 −8.85–−0.20
Fracture type 0.330 2.249 −2.31–6.81

Neurological deficit 0.096 −4.197 −9.15–0.76
Time to surgery (h) 0.020 0.015 0.02–0.03

Hospital Stay (LOS)

Age 0.876 0.017 −0.20–0.23
ISS 0.094 0.293 −0.05–0.64

Localisation 0.158 6.170 −2.43–14.77
Fracture type 0.639 2.114 −6.81–11.04

Neurological deficit 0.100 7.987 −1.55–17.53
Time to surgery (h) <0.001 0.045 0.02–0.07

Sepsis

p-value OR 95% CI

Age 0.888 0.997 0.96–1.04
ISS 0.575 0.982 0.92–1.05

Localisation 0.058 0.121 0.01–1.07
Fracture type 0.198 2.974 0.57–15.65

Time to surgery (72 h) 0.046 5.543 1.03–29.86

Bold marked values indicate significant parameters.

Subgroup analysis showed that the adverse effect of delayed spinal stabilization is mainly
attributable to multiple-injured patients with AOSpine B-/C-type injuries. Regression analysis revealed
that in patients with AOSpine A-type spinal injuries, an increased time to spinal surgery was only an
independent risk factor for an increased LOS; however, in multiple-injured patients with B-/C-type
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spinal injuries, an increased time to spinal surgery is an independent risk factor for increased iLOS,
LOS, and the development of sepsis (Table 8).

Table 8. Regression analysis for A and B-/C-type fractures with the dependent variables: LOS (days),
iLOS (days), and sepsis.

A-Type Fractures (n = 71) B/C-Type Fractures (n = 42)

p-Value Regression Coefficient 95% CI p-Value Regression Coefficient 95% CI

ICU Stay (iLOS)

Age 0.59 0.041 −0.11–0.19 0.392 0.067 −0.09–0.23
ISS 0.003 0.393 0.14–0.64 0.002 −0.4 0.16–0.64

Localisation 0.028 −5.889 −11.14–−0.64 0.867 −0.602 −7.83–6.63
Neurological deficit 0.862 −0.593 −7.37–6.19 0.472 −2.661 −10.10–4.78
Time to surgery (h) 0.444 0.005 −0.01–0.02 <0.001 0.059 0.03–0.09

Hospital Stay (LOS)

Age 0.922 0.016 −0.31–0.34 0.378 0.132 −0.17–0.43
ISS 0.823 0.058 −0.46–0.58 0.069 0.42 −0.04–0.88

Localisation 0.758 1.699 −9.26–12.66 0.024 16.891 2.32–31.46
Neurological deficit 0.08 12.155 −1.49–25.80 0.237 8.455 −5.84–22.75
Time to surgery (h) 0.009 0.039 0.01–0.07 0.004 0.081 0.03–0.14

Sepsis

p-Value Odds Ratio (OR) 95% CI p-Value Odds Ratio (OR) 95% CI

Age 0.362 0.972 0.91–1.03 0.204 1.074 0.96–1.20
ISS 0.501 0.501 0.93–1.20 0.297 0.914 0.77–1.08

Localisation 0.091 0.091 0.01–1.40 0.999 0 0.01–1.00
Time to surgery (h) 0.857 0.999 0.99–1.01 0.023 1.017 1.02–1.03

Bold marked values indicate significant parameters.

3.5. Impact of Spinal Injury Severity on Patients’ Outcome

Comparison of multiple-injured patients with AOSpine A-type injuries compared to those
multiple-injured patients with AOSpine B-/C-type injuries is shown in Table 9.

Table 9. Stratification analysis (ANOVA and chi-square test) of the fracture type (A-type vs.
B-/C-type fractures).

Parameter 
Fracture Type A-Type Fractures B-/C-Type Fractures p-Value 

n 71 42  

Age (years) 46.04 ± 17.68 47.24 ± 20.82 0.746 
ISS (points) 22.75 ± 10.72 26.36 ± 14.85 0.138 
LOS (days) 29.12 ± 25.02 27.11 ± 21.40 0.678 
ICU (days) 10.05 ± 10.94 14.60 ± 15.56 0.076 

Mechanical ventilation (hours) 137.69 ± 242.36 227.85 ± 325.54 0.104 
Time to surgery (hours) 113.33 ± 186.62 70.90 ± 130.33 0.206 

Sepsis (n) 4 6 0.071 
MODS (n) 2 4 0.076 
Death (n) 1 2 0.310 

Multiple-injured patients with A-type spinal injuries showed a trend towards a lower overall
injury severity compared to multiple-injured patients with B-/C-type spinal injuries (ISS: 22.75 vs. 26.36,
respectively; p = 0.138). Length of ICU stay was on average 4 days shorter, and time of mechanical
ventilation roughly 90 h shorter in multiple-injured patients with A-type spinal injuries compared
to those with B-/C-type spinal injuries; however, neither observations reached statistical significance
(iLOS: 10.05 days vs. 14.60 days, respectively; p = 0.076; mechanical ventilation: 137.69 h vs. 227.85 h,
respectively; p = 0.104). Time to spinal surgery was non-significantly prolonged in multiple-injured
patients with A-type spinal injuries as compared to those multiple-injured patients with B-/C-type
injuries (113.33 h vs. 70.90 h, respectively; p = 0.206). Multiple-injured patients with B-/C-type spinal
injuries, compared to multiple-injured patients with A-type spinal injuries, showed a non-significant,
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higher prevalence of MODS (4 vs. 2, respectively; p = 0.076), sepsis (6 vs. 4, respectively; p = 0.071),
and death (2 vs. 1, respectively; p = 0.310).

Correlation analysis showed a significant correlation between higher spinal injury severity and
thoracic spinal injury location; however, there was no correlation between spinal injury severity and
any measured outcome parameters, and consequently, regression analysis identified that spinal injury
severity was not an independent risk factor for adverse outcome.

3.6. Impact of Spinal Injury Location on Patients’ Outcomes

A comparison of multiple-injured patients with thoracic spinal injury location compared to those
with lumbar spinal injury location is shown in Table 10.

Table 10. Stratification analysis (ANOVA and chi-square test) of the fracture localisation.

Parameter 
Localisation 

Thoracic Spine Lumbar Spine p-Value 

n 54 59  

Age (years) 49.79 ± 19.24 42.76 ± 17.65 0.039 
ISS (points) 25.04 ± 11.69 24.19 ± 14.20 0.728 
LOS (days) 25.92 ± 18.05 32.77 ± 32.28 0.180 
iLOS (days) 14.58 ± 13.86 9.48 ± 11.41 0.032 

Mechanical ventilation (hours) 223.41 ± 298.96 136.92 ± 264.55 0.103 
Time to surgery (hours) 119.24 ± 190.50 74.24 ± 140.52 0.152 

Sepsis (n) 8 2 0.011 
MODS (n) 3 3 0.385 
Death (n) 2 1 0.412 

Significant p-values are marked bold.

Multiple-injured patients with a thoracic spine injury showed a similar overall injury severity
compared to multiple-injured patients with a lumbar spine injury (ISS: 25.04 vs. 24.19, respectively;
p = 0.728). Length of ICU stay was significantly increased by an average of 5 days in multiple-injured
patients with a thoracic spine injury compared to multiple-injured patients with a lumbar spine injury
(14.58 days vs. 9.48 days, respectively; p = 0.032), whereas length of hospital stay showed no significant
difference—although it was shorter in multiple-injured patients with a thoracic spine injury (25.92 days
vs. 32.77 days, respectively; p = 0.180). Mechanical ventilation time was increased by an average of
almost 90 h in multiple-injured patients with a thoracic spine injury compared to multiple-injured
patients with a lumbar spine injury; however, this did not reach statistical significance (223.41 h vs.
136.92 h; p = 0.103). Time to spinal surgery was prolonged in multiple-injured patients with thoracic
spine injury compared to multiple-injured patients with a lumbar spine surgery (119.24 h vs. 74.24 h;
p = 0.152). The prevalence of MODS and death was comparable in both groups, whereas the prevalence
of sepsis was significantly higher in multiple-injured patients with a thoracic spine injury compared to
multiple-injured patients with a lumbar spine injury (8 vs. 2; p = 0.011).

Correlation analysis revealed that spinal injury location significantly correlated with patients’ age,
the prevalence of sepsis, the time to spinal surgery, and the spinal injury severity. Regression analysis
identified spinal injury location to be an independent risk factor for an increased length of ICU stay
(p = 0.04, Table 7).

4. Discussion

The clinical course for multiple-injured patients is determined by the initial trauma (first hit),
the initial surgical burden (second hit), and the resulting systemic inflammatory response [10].
In contrast to the established damage control orthopedics (DCO) concept for long-bone fractures, which
recommends performing a definite long-bone fracture stabilization later in the course of treatment,
early definite spinal stabilization in multiple-injured patients is gaining increasing popularity in
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recent years [11,12]. This “spine damage control” concept advocates immediate posterior spinal
stabilization in multiple-injured patients, with delayed anterior spinal stabilization, if required, later
in the course [11,13]. Support of this concept is provided by several studies showing that early
spinal stabilization in multiple-injured patients appears to be associated with a beneficial medical and
socioeconomic outcome [5,8,14,15].

In general, our data support the concept of early posterior spinal stabilization in multiple-injured
patients. Our data show that increasing time to spinal surgery in multiple-injured patients is an
independent risk factor for an increased ICU and hospital stay, and that spinal stabilization later
than 72 h is an independent risk factor for the development of sepsis. We consider immediate spinal
stabilization, as advocated above, as spinal surgery within 24 h after trauma. Applying a 24 h cutoff to
our patient population, we are able to show that multiple-injured patients with their spinal stabilization
later than 24 h had, on average, a significantly longer stay of 7 days in the ICU, and a significantly
longer length of hospital stay of 10 days, while having a comparable overall injury severity, as defined
by the ISS, compared to those multiple-injured patients with spinal surgery within 24 h. Furthermore,
the duration of mechanical ventilation was increased by approximately 30 h, and the prevalence of
sepsis was significantly increased in the case of spinal stabilization later than 24 h. These adverse
effects were even more pronounced for 72 h or 96 h as time cutoffs for spinal surgery. Several studies
have attributed the beneficial effect of early spinal stabilization mainly to a better patient handling in
the ICU, which allows, for example, for prone positioning for the improvement of pulmonary function,
or even earlier in- or out-of-bed mobilization [8]. Most of these studies, however, do not consider spinal
injury severity from a biomechanical point of view. Thus, the above-mentioned reasons for a beneficial
effect of early spinal stabilization may only be true for instable spinal injuries (AOSpine B-/C-type),
because stable spinal injuries (AOSpine A-type) may be considered for early mobilization anyway.

Therefore, the “spine damage control” concept has to be interpreted with caution and should not
result in the recommendation that in multiple-injured patients, every spinal injury requiring surgery
should be stabilized as early as possible at almost any cost. Further subgroup analyzation of our
patient population supports a more individualized treatment concept, taking into account the degree
of spinal injury stability, as described with the AOSpine classification. In multiple-injured patients
with AOSpine B-/C-type spinal injuries, which from a biomechanical view are unstable spinal injuries,
stabilization as early as possible appears to be beneficial. In these patients, prolonged time to spinal
surgery is an independent risk factor for increased length of stay in the ICU and in hospital, as well as
for the development of sepsis. In contrast to these findings, the benefit of an early spinal stabilization
for multiple-injured patients with AOSpine A-type spinal injuries appears to be less pronounced.
In these biomechanically stable spinal injuries, a prolonged time to spinal stabilization is only an
independent risk factor for an increased length of hospital stay. Although we could not observe an
adverse effect of the stabilization of AOSpine A-type spinal injuries in our multiple-injured patients,
this observation reduces the pressure on the trauma team to deal with AOSpine A-type spinal injuries
in the acute phase. Since AOSpine A-type injuries are the predominant spinal injury pattern in our
multiple-injured patient population, this may have an important impact on trauma care in the future.
Although a differentiation of the spinal injury, according to the AOSpine classification, is important
for decisions with regard to surgical timing, the injury type in and of itself is not an independent risk
factor for adverse outcomes.

Thoracic spinal injury location has been identified by other studies to adversely influence patients’
outcome [16,17]. Our data reveals that thoracic spinal injury location is an independent risk factor
for prolonged ICU stay. This may be explained by two considerations. First, thoracic spinal injury
location in our population is associated with delayed spinal stabilization, probably due to a higher
grade of required surgical expertise. Secondly, thoracic spinal injuries are probably associated with
a higher rate of thoracic injury (for example, lung contusions). In our population, multiple-injured
patients with thoracic spinal injuries on average required 90 h more of mechanical ventilation than
those multiple-injured patients with lumbar spinal injuries.
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Our data show that in our patient population, almost half of the patients (47.8%) were surgically
treated for their spinal injury within 24 h, and almost 3

4 of the patients (71.7%) within 72 h. Within 24 h,
50% (21/42 patients) of the total AOSpine B-/C-type spinal injuries and 39% (28/71) of the total AOSpine
A-type spinal injuries were surgically addressed; thus, the surgeons already recognized the higher
surgical urgency of AOSpine B-/C-type injuries. Reasons for a delayed spinal stabilization appear to be
multifactorial. Regression analysis identified, in particular, a higher ISS, thoracic spine injury location,
A-type injuries, and the absence of an evident neurological deficit as independent risk factors for a
delay in spinal surgery.

In our population, 31% of the multiple-injured patients (n = 35) presented with neurological
impairment due to their spinal trauma. In the literature, urgent surgical spinal treatment is widely
accepted in the event of any neurological impairment focusing on isolated spine trauma. The main
target is the decompression of the affected nerve structures and the restoration of the correct spinal
alignment. The analysis of the STASCI (Surgical Timing in Acute Spinal Cord Injury) study showed
that a general improvement of at least two ASIA (American Spinal Injury Association) grades is
observable after early decompression within 24 h [18,19]. Our data show that even in multiple-injured
patients with different priority surgeries, neurological impairment resulted in an earlier spinal surgery;
however, we were not able to assess whether this had a beneficial impact on neurological outcome.

There are some limitations of our study, which merit further comments. Endpoint selection may
not be meticulous enough to identify further differences between the treatment groups, and no in-depth
information concerning patients’ comorbidities were available for analysis. The clinical course and
outcome of multiple-injured patients are influenced by several factors, which might not all be included
in our analysis. In particular, spinal trauma with neurological compromise might have a severe impact
on outcome parameters of these multiple-injured patients, which might not be valued enough in our
data due to early out-of-hospital transfer to neurological rehabilitation units.

Furthermore, the population size is limited as compared to register studies. However, this is
the first study to consider spinal injury severity, according to the AOSpine classification, and to
correlate this to the impact of surgical timing of spinal injuries. There are several existing fracture
classification systems to evaluate the fracture pattern of spinal fractures. Advantages of the AOSpine
fracture classification are better reliability and feasibility in clinical practice, in comparison to the
thoracolumbar injury classification and severity score (TLICS). Several studies confirmed that the
AOSpine classification is superior to the TLICS with regard to reliability for the identification of fracture
morphology [20,21].

In conclusion, our data support the concept of early spinal stabilization within 24 h in
multiple-injured patients with AOSpine B-/C-type injuries, especially of the thoracic spine. However,
in multiple-injured patients with AOSpine A-type injuries, the beneficial impact of early spinal
stabilization has been overemphasized in former studies, and the benefit should be weighed against
the risk of patients’ deterioration, due to the unneglectable surgical burden of spinal surgery.
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Abstract: The inflammatory response plays an important role in the pathophysiology of multiple
injuries. This study examines the effects of severe trauma and inflammatory response on markers of
neuronal damage. A retrospective analysis of prospectively collected data in 445 trauma patients
(Injury Severity Score (ISS) ≥ 16) is provided. Levels of neuronal biomarkers (calcium-binding Protein
B (S100b), Enolase2 (NSE), glial fibrillary acidic protein (GFAP)) and Interleukins (IL-6, IL-10) in
severely injured patients (with polytrauma (PT)) without traumatic brain injury (TBI) or with severe
TBI (PT+TBI) and patients with isolated TBI (isTBI) were measured upon arrival until day 5. S100b,
NSE, GFAP levels showed a time-dependent decrease in all cohorts. Their expression was higher after
multiple injuries (p = 0.038) comparing isTBI. Positive correlation of marker level after concomitant
TBI and isTBI (p = 0.001) was noted, while marker expression after PT appears to be independent.
Highest levels of IL-6 and -10 were associated to PT und lowest to isTBI (p < 0.001). In all groups
pro-inflammatory response (IL-6/-10 ratio) peaked on day 2 and at a lower level on day 4. Severe TBI
modulates kinetic profile of inflammatory response by reducing interleukin expression following
trauma. Potential markers for neuronal damage have a limited diagnostic value after severe trauma
because undifferentiated increase.

Keywords: multiple trauma; traumatic brain injury (TBI); risk prediction; biomarker; IL-6; IL-10;
posttraumatic inflammation; S100b; NSE; GFAP

1. Introduction

Polytrauma (PT) and severe traumatic brain injury (TBI) caused by road traffic accidents and
falls are the main causes of death and disability in young patients under 45 years with immense
socioeconomic impact through loss of productivity, medical and rehabilitation costs [1,2]. The treatment
of patients with multiple organ injuries poses a particular challenge due to different injury patterns
and severity, but also due to the complex immune response [3]. Post-traumatic exaggerated
immunomodulation often leads to postinjury complications, multiple organ failure (MOF) or death
and are predictors of mortality in trauma [4,5]. The brain is vulnerable to damage and failure due to
its high metabolic rate and limited intrinsic energy reserve. The (neuro-)inflammatory environment
subsequently leads to cell death and neurodegeneration in secondary brain damage but also to neuro
reparative mechanisms in later stages. Secondary brain injury due to inflammatory processes is one
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of the main reasons for worsening of outcome [6–8]. Detecting the severity of injuries at an early
stage, predicting their development and preventing secondary damage is of highest clinical interest,
with biomarkers playing an important role [9]. One of the most studied serum biomarkers in TBI is
the calcium binding protein B (S100B). The oligomeric cytoplasmic protein is predominantly found in
astrocytes and involved in cellular processes and signal transduction [10]. Neuron-specific enolase
2 (NSE) is mainly found in the cytoplasm of neurons and neuroendocrine tissue and is involved in
glycolysis in both neuronal cells and erythrocytes. Its detection in blood is considered as marker
for neuronal damage [11,12]. The gliafibrillary acidic protein (GFAP) is a monomeric intermediate
filament concentrated in the astroglial cytoskeleton. GFAP is brain-specific and is released into the
peripheral blood circulation after death of astrocytes [13]. After multiple injuries and/or TBI, both the
membrane integrity of brain cells and the integrity of the blood–brain barrier (BBB) is disturbed [14].
S100B, NSE and GFAP are released into the blood, with kinetic profile being related to injury pattern
and (neuro-)inflammatory process [15,16]. Pro- and anti-inflammatory cytokines such as interleukin-6
and -10 (IL-6, IL-10) are released in response to tissue injury and lead to both reactive and restorative
inflammatory processes [17]. Although interleukins are clear markers for immune activation, further
investigation is needed to determine the extent to which they reflect brain damage as diagnostic
factors [18]. In the acute phase reaction, IL-6 is known to regulate inflammation, immunity and
neural development. An acute local and systemic release in brain tissue, blood and cerebrospinal fluid
can be observed as a reaction to injury [19,20]. IL-10 is commonly known as an anti-inflammatory
cytokine that performs immunomodulatory functions and is particularly important in the resorption
phase. Its expression increases with the pathology of the Central Nervous System (CNS), promoting
survival of nerve and glial cells and attenuating inflammatory responses [21]. Understanding the
(neuro)immunological effect of TBI on the systemic inflammatory response is a key factor in the
development of early targeted therapies [8]. Although several studies have investigated systemic
cytokine levels in severely injured trauma patients [22,23] the specific influence of severe trauma or
TBI on the neuronal and inflammatory response and expression of brain-specific biomarkers has not
been described.

The aim of the present study was to characterize the systemic profiles of neuronal biomarkers S100b,
NSE, GFAP and the pro- and anti-inflammatory markers IL-6 and Il-10 in severely injured patients and
to assess the influence of severe TBI on the state of acute inflammation in these patients. Furthermore,
it will be shown to what extent neuronal biomarkers used in TBI have sufficient significance to assess
the influence of initial or indirect secondary intracranial damage in polytrauma.

2. Experimental Section

The study was performed at the University Hospital Frankfurt, Goethe University after approval
by the Institutional Review Board (89/19) in accordance with the Declaration of Helsinki and following
STROBE guidelines [24]. Written informed consent was obtained for enrolled patients or their legally
authorized representatives in accordance with ethical standards.

We retrospectively reviewed a cohort of severely injured trauma patients admitted to the emergency
department (ED) of the University Hospital of the Goethe University Frankfurt from 2012 to 2016.
All clinical data were prospectively taken during the quality documentation of the TraumaRegister der
Deutschen Gesellschaft für Unfallchirurgie (DGU)®, Berlin, Germany. All trauma patients in the ED
were treated according to the Advanced Trauma Life Support (ATLS® American College of Surgeons,
Chicago, IL, USA) standard and the polytrauma guidelines [25]. Injury severity from trauma was
calculated using the Injury Severity Score (ISS) based on the Abbreviated Injury Scale (AIS) score
which assigns each injury a severity level between 1 (mild) and 6 (maximum) in different regions (head,
face, thorax, abdomen, extremities and external injuries) [26,27]. The New Injury Severity Score (NISS)
was calculated to better correlate the assessment measure with the polytrauma of the patients [28].
We evaluated 445 trauma patients with an ISS ≥ 16 between 18 and 80 years of age. Patients who met
inclusion criteria were stratified into 3 groups: isolated severe TBI ((isTBI); AIShead ≥ 4, all other body
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areas AIS ≤ 1, polytraumatized patients with severe TBI ((PT + TBI); AIShead and AIS of other body
area ≥3;) and polytraumatized patients without relevant brain injury ((PT); AIShead ≤ 1;). Patients with
known pre-existing immunological disorders, immunosuppressive medication, burns, concomitant
acute myocardial infarction, thromboembolic events and patients who died within 5 days of hospital
admission (incomplete serial blood samples) were excluded. Documentation containing further
information on demography (age and sex) and injury.

Serial venous blood samples were obtained from traumatized patients on admittance to the ED
through day 1–5 daily after trauma. Following baseline sample, subsequent blood was collected
following the standard hospital procedures in pre-chilled ethylenediaminetetraacetic acid (EDTA)
tubes (BD vacutainer, Becton Dickinson Diagnostics, Aalst, Belgium) and stored on ice. Blood was
centrifuged at 2000× g for 15 min at 4 ◦C and the supernatant (serum) was stored at−80 ◦C until analysis.
IL-6 and IL-10 concentrations were measured by IL-6/IL-10 Eli-pair Enzyme-linked Immunosorbent
Assay ((ELISA); Diaclone, Hoelzel Diagnostica, Cologne, Germany) according to the manufacturer’s
instructions. The following markers of brain injury were assessed using commercially available ELISA
assays (Bio-Techne GmbH (R & D Systems GmbH, Wiesbaden, Germany): S100B (DY1820-05 Human
S100B; assay range: 47–3000 pg/mL)), glial fibrillary acidic protein (DY2594-05 GFAP; assay range:
0.3–20 ng/mL) and neuron-specific enolase 2 (DY5169-05 Human Enolase 2/Neuron-specific Enolase;
assay range: 78–5000 pg/mL), after sample dilution as needed.

Continuous normally distributed variables were summarized using means ± standard error of the
mean (SEM), while categorical or continuous variables with skewed distributions were summarized
using means ± standard deviation (SD). The p-values for categorical variables were derived from
the two-sided Fisher’s exact test, and for continuous variables from the Mann–Whitney U test or the
Kruskal–Wallis test. Significant values were adjusted by the Bonferroni post hoc test. Spearman’s rank
correlation coefficients were calculated to determine correlations between inflammatory and neuronal
biomarkers and injury characteristics. A p-value < 0.05 was considered to be statistically significant.
Values are reported as means for continuous variables and as percentages for categorical variables.
All analyses were performed using the Statistical Package for Social Sciences (SPSS for Mac©), version
26 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Demographics and Clinical Injury Characteristics

Table 1 shows the demographic and clinical characteristics stratified by injury pattern. During
the 5-year study period a total of 445 severely injured patients (ISS ≥ 16) was evaluated. A total of
104 patients met the inclusion criteria. Of these, 43 patients were severely injured without TBI (PT),
35 patients were polytrauma patients with severe TBI (PT+TBI) and 26 patients suffered from isolated
severe TBI (isTBI). A total of 76.0% of the trauma patients were men. Patients with isolated TBI were
significantly older (61 ± 3 years, p < 0.001) than those in other groups, about 70% of them were older
than 55 years. Mean ISS of the patients with isolated TBI was significantly lower (24 ± 1, p < 0.01) but in
NISS (p = 0.135) no significant difference was found. Computed tomographic findings of patients with
PT severe TBI or isolated severe TBI usually suffered not only from one type of intracranial hemorrhage
but from several entities simultaneously.

3.2. Systemic Profiles of Neuro Markers in Relation to Injury Pattern

Figure 1 displays neuronal serum marker levels over the time course from ED admission to
hospital day 5 stratified by injury pattern.
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Table 1. Demographic and clinical injury characteristics stratified by injury pattern.

PT (n = 43) PT + TBI (n = 35) isTBI (n = 26) p-Value

Male 69.8% 80.0% 80.8%
Age (y, ± SEM) 46 (±2) 43 (±3) 61 (±3) <0.001
Age ≥ 55 years 32.6% 25.7% 69.2% <0.001

ISS (±SEM) 30 (±2) 37 (±2) 24 (±1) <0.01
ISS ≥ 25 74.4% 77.1% 53.9% <0.01

NISS (±SEM) 37 (±2) 44 (±2) 38 (±2) 0.135
AIShead (±SEM) 0.3 (±0.1) 4.1 (±0.2) 4.5 (±0.1) <0.001

AISchest ≥ 3 81.4% 68.6% 0.0% <0.001
AISabdomen ≥ 3 46.5% 11.1% 0.0% <0.001
AISextremity ≥ 3 51.2% 37.1% 0.0% <0.001

ICH (%) 57.1% 61.5% 0.730
SDH (%) 37.1% 61.5% 0.059
SAH (%) 34.3% 57.7% 0.069
EDH (%) 20.0% 11.5% 0.377

Abbreviations: PT = Polytrauma, isTBI = isolated Traumatic Brain Injury, SEM = Standard Error of Mean, y = years,
ISS = Injury Severity Score, NISS = New Injury Severity Score, AIS = Abbreviated Injury Score, ICH = intracerebral
hemorrhage, SDH = subdural hematoma, SAH = subarachnoid hemorrhage, EDH = epidural hematoma.
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Figure 1. Neuronal serum marker levels (mean ± Standard Deviation) over the time course from
admission to Emergency Department (ED) through to hospital day 5 stratified by injury pattern.
* p < 0.05, ** p < 0.01, *** p < 0.001. (a) Neuron-specific enolase 2 (NSE) (b); glial fibrillary acidic protein
(GFAP); (c) calcium-binding Protein B (S100b).

After trauma, the NSE expression is highest on the day of admission with maximum serum level
of 8 ± 1 ng/mL (PT), 13 ± 2 ng/mL (PT + TBI) and 7 ± 1 ng/mL (isTBI) and steadily decreases over time.

Significantly higher GFAP expression was found in the PT cohort (day 1: 23.80 ± 7.94 pg/mL)
comparing to isTBI (day 1: 5.82 ± 2.33 pg/mL, p = 0.038) 24 to 72 h after trauma.

For S100b highest marker expression was found in PT patients (495 ± 150 pg/mL) on time of
admission, followed by the PT + TBI group (333 ± 128 pg/mL). After isolated TBI the S100b expression
was over all lower (71 ± 15 pg/mL) comparing PT and PT + TBI.
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3.3. Systemic Profiles of Inflammatory Markers in Relation to Injury Pattern

Figure 2 shows inflammatory serum marker levels over the time course from ED admission
through to hospital day 5 stratified by injury pattern.
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Figure 2. Inflammatory serum marker levels (mean ± Standard Deviation) over the time course from
emergency department (ED) admission through to hospital day 5 stratified by injury pattern. * p < 0.05,
** p < 0.01, *** p < 0.001. (a) Interleukin (IL)-6 (b); Interleukin (IL)-10.

In PT (day 1: 400 ± 71 pg/mL) and isTBI (day 1: 98 ± 22 pg/mL) group IL-6 peaked on hospital day
1 while in PT + TBI group highest IL-6 level was detected on admission (267 ± 86 pg/mL). All groups
showed significant cytokine drop over time course. Over the entire time course, IL-6 levels were
significantly higher in the PT cohort (p < 0.001) as well within the first 24 h in PT + TBI group (p < 0.001)
compared to the isTBI group.

All groups showed highest IL-10 expression on admission (PT 148 ± 33 > PT + TBI 111 ± 30 >
isTBI 31 ± 11 pg/mL) with significant decline from day 2 in the PT (− 71.2%) and PT + TBI (− 73.6%)
groups and from day 4 in isTBI (− 9.5%) group. Within 24 h after trauma, IL-10-level was significantly
higher in the PT (p < 0.001) and PT + TBI (p < 0.05) cohorts according to isolated TBI.

3.4. Relation between Marker Expression and Injury Severity

On admission we found significant positive correlation of increased IL-10 expression and injury
severity (Spearman correlation (rho), ISS r = 0.4, p = 0.04; NISS r = 0.5, p = 0.01) as well as and positive
correlation between increased cytokine expression (IL-10 r = 0.6, p = 0.001; IL-6 r = 0.5, p = 0.01) and
higher risk of mortality (Revised Injury Severity Classification Score (RISC II)) in severely injured
patients (PT) within 24 h after severe trauma (PT).

In PT + TBI group the S100b expression showed significant positive correlation with injury severity
(ISS r = 0.4, p = 0.02), mortality risk (RISC II r = 0.4, p = 0.02) and severity of TBI (AIShead r = 0.4,
p = 0.05) up to 72 h after trauma.

In isTBI cohort we found negative correlation between GFAP expression and age (r = − 0.4,
p = 0.03). After isolated TBI the inflammatory response correlated 24 h after trauma with the ISS (IL-6
r = 0.6, p = 0.01), NISS (IL-6 r = 0.6, p = 0.003; IL-10 r = 0.5, p = 0.04) and severity of head injury
(AIShead/IL-10 r = 0.6, p = 0.002) as well as with risk of mortality (IL-10 r = 0.6, p = 0.004).

3.5. Inflammatory Status (IL-6/IL-10 Ratio) and Kinetic Profile of Neuro Markers

Table 2 displays the relation between inflammatory response and neuronal markers expression
stratified by injury pattern. Figure 3 shows inflammatory status (IL-6/IL-10 ratio) together with the
kinetics of neuro marker expression during the time course. The comparison of the marker levels
within a group in percentage ratio serves to illustrate the proportionality.
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(a) (b) 

 

(c) 

Figure 3. Pro-inflammatory response (Interleukin (IL)-6/Interleukin (IL)-10 ratio, grey-hatched) and
neuronal marker expression (Neuron-specific enolase 2 (NSE), glial fibrillary acidic protein (GFAP),
calcium-binding Protein B (S100b)) after (a) polytrauma (PT); (b) polytrauma + traumatic brain injury
(TBI); (c) isolated TBI (isTBI). ED = Admission to Emergency Department.

Kinetic profiles of PT and PT-TBI groups showed similar course from ED admission through to
hospital day 5. While the PT and PT+TBI groups continued to decrease over time until 29.3% (PT) and
22.9% (PT + TBI), the TBI group showed constantly elevated NSE expression (52.3%) 5 days following
trauma. All groups showed synchronous decline over time with a maximum reduction of GFAP
expression to 64.2–70.0%. For S100b we found a drop down to 24.1% in PT and 33.9% in PT + TBI
group within 24 h. After isolated TBI consistent S100b expression over time course (min. 80.9%, day 3)
with a secondary peak on day 4 (145.0%) was found.

Based on the IL-6/IL-10 ratio we identified two phases of pro-inflammation for all groups: increase
from admission to day 3 with peak after 48 h and secondary from day 3 to day 5 with peak on day 4.
The pro-inflammatory quotient after 48 h was higher in the PT + TBI group (ratio = 34.8) than after PT
(ratio = 15.0) and isTBI (ratio = 11.6). The lowest pro-inflammatory reaction was found for isTBI.

3.6. Relation between Inflammatory Response and Neuronal Markers

After severe PT a significant correlation was found between IL-6 and IL-10 level (r = 0.8, p < 0.001)
on admission and day 1 to day 5. Over the entire time course, a positive correlation was observed
between S100b and NSE and IL-6 expression with statistical significance from day 4 (NSE r = 0.04,
p = 0.01, IL-6 r = 0.4, p = 0.04) and GFAP.

After PT with severe TBI, GFAP and S100b expression showed statistically significant synchronous
decrease (r = 0.3, p = 0.04) over the entire time course. Positive correlation was found as well between
NSE and S100b (r = 0.3, p = 0.04) from day 3.

A positive relation of GFAP with NSE (admission: r = 0.3, p = 0.05) and with S100b (r = 0.5,
p = 0.001) levels over the entire time course and between NSE (r = 0.4, p = 0.01) and with S100b on
admission, day 2, 3 and 5 was measured in patients with isTBI.
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4. Discussion

Of 104 patients included, 75% were male and the cohort with isolated TBI was significantly older
than the PT and PT+TBI group. Polytrauma is the leading cause of death in Western countries for
people up to 45 years of age, in a male-to-female ratio of 2.6:1. Older patients cause most TBI-related
hospitalizations and deaths [1,29]. In this study it was shown that the application of both the already
used and the more recent biomarkers S100b, NSE and GFAP have limited value in the assessment of
TBI in polytraumatized patients. Nevertheless, biomarkers are certainly the optimal complement to
clinical and radiological findings to assess the course and outcome of the injury sufficiently. Biomarkers
can reveal the extent of cell death, provide early indications of occult or later visible organ damage,
and thus have an immense clinical value.

4.1. S100b Missing Diagnostic Value after Severe Trauma

One of the most often studied serum biomarkers in TBI is S100b [7]. Due to its high molecular
weight, the protein is only able to pass through the BBB, if it has an increased permeability caused by
injury [14]. Therefore, this marker was used to detect (sensitivity 81–100%) and predict the outcome of
a severe TBI. The potential pitfalls of S100b in the different areas are usually related to its specificity
(20–67%) and sensitivity in the detection and assessment of intracranial injury. Consistent cut-off
levels (51 pg/mL to 210 ng/mL at admission) are difficult to find in the literature [10,12,15]. In this
study, the highest serum levels for S100b were measured in polytrauma patients (495 ± 150 pg/mL) at
admission, followed by the PT + TBI group (333 ± 128 pg/mL) and isolated TBI (71 ± 15 pg/mL). S100b
is thus expressed lowest after isTBI, although not significantly. S100b is also expressed in peripheral
nervous tissue in addition to the CNS. Furthermore, muscle tissue, chondrocytes and adipocytes were
identified to release S100b after injury [3]. TBI could only be detected with a predictive power of 67% in
pediatric polytrauma patients with TBI and fracture of long bones [30]. Orth-Nissen et al. found higher
serum levels of S100b in patients with multiple injuries than in patients with isolated TBI or without
TBI. This suggests that elevated serum concentration of S100b after trauma seems to be significantly
influenced by an extra-cerebral injury and is an indicator for a global tissue and organ damage [31].
It was shown that pro-inflammatory cytokines such as IL-6 induce an increase of S100b and GFAP
secretion via the mitogen-activated protein kinase (MAPK) pathway [32]. Furthermore, a positive
correlation between neuro marker expression over time was found after PT + TBI and isolated TBI.
Possibly this is an indicator of congruent marker expression after neuronal damage in TBI.

4.2. Non-Specific Increase of NSE Expression by Cofounding Effect after Severe Trauma

NSE is localized in the cytoplasm of neurons, erythrocytes, platelets and neuroendocrine cells.
It has been discussed as a biomarker for neuronal damage and has been associated with the severity
of injury and clinical outcome after severe TBI. In the literature, serum levels after trauma ranged
between 6.5–21.2 ng/mL [9,12,30]. In this study it was shown that after polytrauma with TBI, the NSE
expression is highest on the day of admission with a maximum serum level of 13 ± 2 ng/mL (PT + TBI)
> 8 ± 1 ng/mL (PT) > 7 ± 1 ng/mL (isTBI) and decreases steadily until day 5. A possible explanation for
this finding could be an NSE release due to hemolysis after polytrauma. Another possibility might be
the release of neuronal NSE due to reperfusion damage in the course of polytrauma with subsequent
BBB disruption by immune reaction. Serum protein S100b and NSE increased temporarily as a result
of multiple trauma associated with hemorrhagic shock might lead to cerebral hypoperfusion and brain
damage in porcine model [33,34]. Due to its expression in neuroendocrine cells NSE is also studied in
association with malignant and inflammatory lung diseases and first studies analyzing NSE release
after lung injury have been published [35,36]. Methodological and technical problems such as slow
elimination and potential artifacts in trauma patients call into question their diagnostic value as a
screening tool [33]. It is striking that the isTBI group still shows an increased NSE expression (isTBI
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52.3% > PT + TBI 22.9%, PT 29.3%) 5 days after the trauma, which may be an expression of severe
neuronal damage during the secondary brain swelling and injury.

4.3. GFAP Expression Is Induced by Multiple Injuries

GFAP was largely considered brain-specific and is released into the peripheral bloodstream after
death of astrocytes [11]. Meanwhile GFAP expression is also described in Schwann cells, myoepithelial
cells, chondrocytes and fibroblasts [37]. An acute intracerebral hemorrhage leads to an immediate
mechanical destruction of the astroglia with subsequent release of GFAP into the bloodstream [38].
According to Lei et al., human GFAP serum levels are elevated from admission and during the
first 5 days after severe TBI and are predictive of the neurological outcome after 6 months. In the
literature, different GFAP cut off levels from 6.8 pg/mL to 0.7 ng/mL are described after TBI for
unfavorable outcome [13,39]. In the present study, significantly higher GFAP levels in the PT group
(day 1: 24 ± 8 pg/mL) compared to isTBI (day 1: 6 ± 2 pg/mL, p < 0.05) were measured 24 to 72 h after
trauma. Hsieh et al. demonstrated that over a 6 h period of reperfusion after intestinal ischemia,
microglial cells and astrocytes were significantly activated in the brain [40]. Polytrauma increases
GFAP and neutrophil expression and leads to secondary brain damage in the presence of exacerbated
neuroinflammation, edema and disruption of the BBB [41]. In the isTBI cohort, a negative correlation
between GFAP expression and age (r = − 0.4, p = 0.03) was found. It is possible that GFAP is less
expressed by the significantly older isTBI patients.

4.4. Severe Traumatic Brain Injury (TBI) Modulates Kinetic Profile of Inflammatory Response

The acute inflammatory reaction plays an important role in immune defense, but can also exert
serious adverse consequences, if the excessive immune response leads to systemic inflammation,
secondary organ damage and subsequent MOF [3,21]. After TBI, activation of glial cells, microglia and
astrocytes as well as infiltration of blood leukocytes takes place within minutes, releasing pro- and
anti-inflammatory mediators and various growth factors and triggering a local neuroinflammation
as well as a systemic inflammatory response. In this case, the brain functions as both target and
effector organ [42]. Among these mediators, interleukins play a particularly prominent role in the
development of posttraumatic complications [18,21]. IL-6 is secreted in increased amounts early after
trauma. Serum concentrations in available studies range from 47 to 245 pg/mL [8,19,43]. Following TBI,
IL-6 levels increase with peak concentrations of 93 to 269 pg/mL in human serum and IL-6 levels greater
than 100 pg/mL in the first 24 h after trauma have been associated with severe brain injury [8,18,44].
In this study, IL-6 expression in polytraumatized patients with and without concomitant head injury
was significantly higher compared to isTBI (day 1: PT 400 ± 71, PT + TBI 230 ± 53 pg/mL, > isTBI
98 ± 22 pg/mL, p < 0.001); all groups showed a relevant cytokine decrease (p < 0.001) over time.

IL-10 is an anti-inflammatory cytokine that regulates and limits acute inflammation in response to
trauma to prevent tissue damage, such as secondary brain damage after TBI [21,45]. IL-10 plays a crucial
role in inflammatory and autoimmune diseases of the intestine, chronic infections, tumor development,
neuroinflammation, -degeneration as well as multiple organ dysfunction syndrome (MODS) and MOF
after polytrauma, where IL-10 levels from 21.0 to 340.7 pg/mL were shown [42,46]. In this study,
the highest IL-10 levels were measured on admission and a continuous decrease until day 5 was shown.
The overall increase within the first 24 h was significantly higher in PT (148 ± 33 pg/mL, p < 0.001)
and PT+TBI (111 ± 30 pg/mL, p < 0.05) than after isTBI (31 ± 11 pg/mL). Previous studies described a
correlation of IL-6 with the severity of injury (ISS) or insult and mortality, especially during the first
post-traumatic hours. IL-6 is associated with the occurrence of MODS and sepsis together with IL-10
within 24 h after trauma [23]. In the present study, IL-10 was positively correlated with ISS and NISS
on the day of admission and day 1.

In addition, a positive correlation between IL-6 and IL-10 expression with the mortality risk
(RISC II) was shown. Thus, the inflammatory reactions are most likely associated with the severity
of injury (ISS: PT + TBI 37 > PT 30 > isTBI 24, p < 0.01) and the extent of tissue trauma itself.
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Interestingly, polytraumatized patients with severe head trauma showed—although not statistically
significant—lower IL-6 values than severely injured patients without TBI despite a higher ISS. This
corresponds to already published results from 2016, which raised the question of an immunosuppressive
role of TBI [8]. With increasing severity of TBI (AIShead isTBI 4.5 > + TBI 4.1 > PT 0.3), an overall lower
cytokine expression was observed. Based on the IL-6/IL-10 ratio, two phases of pro-inflammation
can be identified for all three groups from hospital admission to day 3 with a first peak after 48 h
and from day 3 to day 5 with a second peak on day 4. Overall, the pro-inflammatory quotient was
higher after PT and PT + TBI than after isTBI, with the first phase being strongest after PT + TBI.
It is possible that the limited cytokine expression and depressed pro-inflammatory ratio indicates an
immunomodulatory effect after severe TBI, but the pro-inflammatory immune response was ultimately
relatively strongest after PT + TBI. Data on the predictive ability of IL-6 serum and the neurological
outcome are limited and contradictory. While in the pediatric TBI serum IL-6 showed no association
with the neurological outcome [47], others showed that high IL-6 correlates with a poor neurological
outcome [44]. The determination of cytokine levels can serve not only as a prognostic value for
the development of complications, but also for the early identification of patients who are at risk of
suffering a “second hit” by renewed immune stimulus in the form of a secondary intervention.

An important pathophysiological factor in the development of posttraumatic complications is the
dysfunction of the external (skin) and internal paracellular blood and organ barriers, including the
brain (BBB), air and gut blood barriers, resulting in tissue flooding with immune cells and microbial
invasion [48]. IL-6 modulates the expression of tight junction proteins in cerebral microvasculature of
sheep, and the release of adhesion molecules in plasma of polytrauma patients (ISS ≥ 18) correlates with
disease severity and organ dysfunction [49]. Furthermore, the hemorrhagic shock is associated with
barrier dysfunction of the gut and development of MODS after the trauma and can lead to a traumatic
endotheliopathy by glycocalyx degradation, like in the CNS [50]. Studies have shown that paracellular
hyperpermeability due to inflammatory reactions and abnormal release of neurotransmitters is the
basis for intestinal barrier dysfunction after TBI [51]. The increased permeability of the organ barriers
allows metabolites to enter the bloodstream and to detect specific biomarkers [14]. Identifying the
severity of injuries at an early stage, predicting their development in order to prevent secondary
damage is of paramount interest in trauma treatment, with the detection of biomarkers playing an
important role [43].

4.5. Limitations of the Study

The most important limitation is the retrospective nature of the data analysis; however, all clinical
data were acquired in a prospective manner, and only the cytokines and the neuro-specific markers
were measured later-on. Furthermore, patients with isolated TBI were significantly older than the
comparison groups. In a recently published multicenter study, older patients with blunt trauma
showed significantly lower plasma cytokine and chemokine concentrations, including IL-6 levels,
than patients <55 years of age [52]. The patients included in the isTBI cohort also suffered from several
types of intracranial bleeding simultaneously, which does not allow differentiation between bleeding
entities and marker expression. In the present study we found a difference between patient’s age of the
PT and PT+TBI vs. isTBI group and in their interleukin expression. Ultimately, no conclusions can be
drawn as to how age may have altered the inflammatory response. The variance of the individual
values is large, specifically of neuronal markers, which is due to potential confounders such as volume
administration, blood products, shock, which are difficult to standardize.

5. Conclusions

Although no significant correlation between cytokine expression and release of neuronal markers
after trauma could be shown, it is clear that the application of the biomarkers NSE, GFAP and S100b
have limited value in the assessment of TBI in polytrauma patients, the levels are not substantially
elevated. Possible cause could be a modulation of the kinetic profile of the inflammatory response
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following severe traumatic brain injury (TBI). IL-6 and IL-10 levels were lower in patients with multiple
injuries and concomitant TBI compared to those without severe TBI, suggesting a reduced visible
systemic inflammatory response due to traumatic brain injury. In addition, significant correlations were
shown between IL-6 and IL-10 levels and injury severity after TBI, indicating the general posttraumatic
inflammatory course.
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Abstract: Introduction: Ligament injuries around the knee joint and knee dislocations are rare but
potentially complex injuries associated with high-energy trauma. Concomitant neurovascular injuries
further affect their long-term clinical outcomes. In contrast to isolated ligamentous knee injuries,
epidemiologic data and knowledge on predicting knee injuries in severely injured patients is still
limited. Methods: The TraumaRegister DGU® (TR-DGU) was queried (01/2009–12/2016). Inclusion
criteria for selection from the database: maximum abbreviated injury severity ≥ 3 points (MAIS 3+).
Participating countries: Germany, Austria, and Switzerland. The two main groups included a
“control” and a “knee injury” group. The injury severity score (ISS) and new ISS (NISS) were used for
injury severity classification, and the abbreviated injury scale (AIS) was used to classify the severity of
the knee injury. Logistic regression analysis was performed to evaluate various risk factors for knee
injuries. Results: The study cohort included 139,462 severely injured trauma patients. We identified
4411 individuals (3.2%) with a ligament injury around the knee joint (“knee injury” group) and 1153
patients with a knee dislocation (0.8%). The risk for associated injuries of the peroneal nerve and
popliteal artery were significantly increased in dislocated knees when compared to controls (peroneal
nerve from 0.4% to 6.7%, popliteal artery from 0.3% to 6.9%, respectively). Among the predictors
for knee injuries were specific mechanisms of injury: e.g., pedestrian struck (Odds ratio [OR] 3.2,
95% confidence interval [CI]: 2.69–3.74 p ≤ 0.001), motorcycle (OR 3.0, 95% CI: 2.58–3.48, p ≤ 0.001),
and motor vehicle accidents (OR 2.2, 95% CI: 1.86–2.51, p ≤ 0.001) and associated skeletal injuries,
e.g., patella (OR 2.3, 95% CI: 1.99–2.62, p ≤ 0.001), tibia (OR 1.9, 95% CI: 1.75–2.05, p ≤ 0.001), and femur
(OR 1.8, 95% CI: 1.64–1.89, p ≤ 0.001), but neither male sex nor general injury severity (ISS). Conclusion:
Ligament injuries and knee dislocations are associated with high-risk mechanisms and concomitant
skeletal injuries of the lower extremity, but are not predicted by general injury severity or sex. Despite
comparable ISS, knee injuries prolong the hospital length of stay. Delayed or missed diagnosis of
knee injuries can be prevented by comprehensive clinical evaluation after fracture fixation and a high
index of suspicion is advised, especially in the presence of the above mentioned risk factors.

Keywords: risk factors; knee joint injuries; knee dislocation; ligament injuries
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1. Introduction

High-energy trauma, in particular, can result in multisystem injuries, which may involve both
isolated or multi-ligamentous knee injuries [1,2]. The acute traumatic dislocation of the knee is
considered the most severe ligament injury of the lower extremity and may be associated with
devastating and limb-threatening complications [3–6]. The incidence for knee dislocations is very
low and has been estimated to be 1.2 per million person-years, mainly from high-energy trauma [7].
However, recent publications also reported knee dislocations as a result of low-energy mechanisms,
including ground level falls in obese individuals [8–10]. The prompt identification, dedicated evaluation,
and a comprehensive management of knee injuries have a high impact on long-term functional
outcomes [11–14].

In fact, ligament injuries around the knee and dislocations of the knee joint have been poorly
described in the context of multiple trauma [15]. Previous studies have suggested anatomic risk factors
for knee injuries, including femoral shaft fractures [16,17], combined femur and tibia fractures [18],
patella fractures [19], and acetabular fractures [20]. According to Byun et al. around 30% of concomitant
knee injuries after femoral shaft fracture are not detected in time [17] and frequently become
symptomatic within the first posttraumatic year [20]. The mean time for diagnosis of associated knee
ligament injury in neglected cases after fixation of a femoral shaft fracture was around 10.6 weeks
(range, 1–32) [17].

While a meta-analysis suggested improved outcomes for the early reconstruction of complex
knee injuries [21], this concept would be jeopardized by a delayed diagnosis of injuries to the knee.
Therefore, the identification of risk factors based on anatomical injury patterns or injury mechanisms
might be helpful to guide the diagnostic and surgical strategy, to improve the early detection of knee
injuries, and to prevent long-term complications.

In this context, this study was designed as a multi-center registry analysis to increase the knowledge
about ligament injuries around the knee and knee dislocations in severely injured trauma patients.
We attempted to answer the following questions:

1. What is the incidence for knee ligament injuries and knee dislocations?
2. What are the predominant injury mechanisms leading to knee injuries?
3. What are independent predictors for knee injuries in severely injured trauma patients?

2. Patients and Methods

2.1. TraumaRegister DGU® and Data Acquisition

The TraumaRegister DGU® of the German Trauma Society (Deutsche Gesellschaft für
Unfallchirurgie, DGU) was founded in 1993 [22,23]. The aim of this multi-center database is a
pseudonymized and standardized documentation of severely injured patients. Data are collected
prospectively in four consecutive time phases from the site of the accident until discharge from hospital:
(A) Pre-hospital phase, (B) emergency room and initial surgery, (C) intensive care unit (ICU), and
(D) discharge.

The documentation includes detailed information on demographics, injury pattern, comorbidities,
pre- and in-hospital management, a course in ICU, relevant laboratory findings including data
on transfusion, and the outcome of each individual. The inclusion criterion is admission via the
emergency room with subsequent intensive or intermediate care or death before admission to ICU.
The infrastructure for documentation, data management, and data analysis are provided by the
Academy for Trauma Surgery (AUC—Akademie der Unfallchirurgie GmbH), a company affiliated
with the German Trauma Society. The scientific leadership is provided by the Committee on Emergency
Medicine, Intensive Care and Trauma Management (Sektion NIS) of the German Trauma Society.
The participating hospitals submit their data pseudonymized into a central database via a web-based
application. Scientific data analysis is approved according to a peer review procedure established
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by Sektion NIS. The participating hospitals are primarily located in Germany (90%), but a rising
number of hospitals of other countries contribute data as well (at the moment Austria, Switzerland,
Belgium, Finland, Luxemburg, Slovenia, The Netherlands, and the United Arab Emirates). Currently,
approx. 35,000 cases from almost 700 hospitals are entered into the database per year. Participation
in TraumaRegister DGU® is voluntary. For hospitals associated with the TraumaNetzwerk DGU®,
however, the entry of at least a basic dataset is obligatory for reasons of quality assurance. The present
study is in line with the publication guidelines of the TraumaRegister DGU® and registered as TR-DGU
project ID 2014-057.

2.2. Inclusion and Exclusion Criteria

This study included data from all patients included in the TraumaRegister DGU® with severe
injuries (MAIS 3+) after admission to a participating trauma center in Germany, Austria, or Switzerland
between January 2009 and December 2016.

Patients transferred out to another center within 48 h after admission were excluded because
of missing outcome data and to exclude the risk of a double counting from the receiving hospital.
However, all cases transferred in were included to prevent bias in prevalence rates.

2.3. Definitions

2.3.1. Mechanism of Injury

According to the TR-DGU dataset, the following injury mechanisms were considered: (1) Motor
vehicle accident (MVA), (2) motorcycle accident (MCA), (3) bicycle accident, (4) pedestrian struck by
vehicle, (5) high fall (≥ 3 m), and (6) low fall (< 3 m); further (combined) categories include (7) suicide
attempt, (8) other (not shown), (9) blunt/penetrating trauma (not shown), and (10) traffic-related
(overall value presented).

2.3.2. Injury Severity

Since 2009, coding follows a uniform protocol, and the data management has been previously
described [23]. All injuries were coded according to the Abbreviated Injury Scale (AIS Version
2005/Update 2008, Association for the Advancement of Automotive Medicine, Barrington, IL) [24,25].
According to the AIS, the severity of injuries was documented as follows [26]: 1 (minor),
2 (moderate), 3 (severe, not life-threatening), 4 (serious, life-threatening), 5 (critical, survival uncertain),
or 6 (maximum, currently untreatable). The injury severity score (ISS) and the new ISS (NISS) were
derived from documented AIS values [26,27].

2.3.3. Identification of Knee Injuries and Group Distribution

Identification of ligament injuries according to AIS codes: (1) AIS 8740**.1: knee ligament injury
(including subluxation); (2) AIS 87403*.2: (multi-)ligament injury with knee dislocation; and (3) AIS
84080*.2: partial or complete ligament rupture. Neurovascular injuries around the knee were identified
independently from ligamentous injuries either as a popliteal artery injury (AIS 8206**.2) and/or a
peroneal nerve injury (AIS 8305**.2).

Patients with one of the aforementioned AIS codes were assigned to the “knee injury” group,
whereas patients without these injuries were included in the “control” group.

3. Statistical Analysis

Categorical data were presented as frequencies and percentages. Metric variables were reported
as means and standard deviations (SD). For skew distributed data, the median is also reported. Severe
trauma patients without a ligament injury of the knee served as a control group. Formal statistical
testing was avoided because of the very large sample size. Multivariate logistic regression analysis
was performed to evaluate the impact of various risk factors for knee injuries. Results are presented as
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odds ratios (OR) with 95% confidence intervals. The analysis was performed with SPSS (Version 25,
IBM Inc., Armonk, NY, USA).

4. Results

4.1. Demographic Data and Mechanism of Injury

During the study period, 139,462 severely injured patients fulfilled the inclusion criteria. Of these,
4411 patients sustained a knee injury (3.2% overall incidence), and 1152 patients (0.8%) suffered from a
multi-ligament injury related to a knee dislocation. Ligamentous knee injuries in polytraumatized
patients were most commonly caused by road traffic accidents (84.8%, Table 1). MVA and MCA were
equally responsible for 62% of these (1375 patients or 31.7% for MVA and 1305 or 30.1% for MCA),
while pedestrians struck by vehicles were responsible for 13.3% of these injuries (578 patients).

Table 1. Mechanisms of injury.

Control Group
n = 131,483

Knee Injury
n = 4340

Total

Motor vehicle collision % (n) 20.6% (27,054) 31.7% (1374) 20.9% (28,428)

Motorcycle accident % (n) 12.5% (16,391) 30.1% (1305) 13% (17,696)

Bicycle accident % (n) 8.5% (11,177) 6.1% (263) 8.4% (11,440)

Pedestrian struck % (n) 6.6% (8618) 13.3% (578) 6.8% (9196)

High Fall ≥3 m % (n) 17.6% (21,938) 8.5% (367) 16.4% (22,305)

Low Fall <3 m % (n) 24.1% (31,667) 4.9% (212) 23.5% (31,879)

Traffic-related (all) % (n) 51.7% (64,859) 84.8% (3580) 52.7% (68,439)

Suicide attempt (any) % (n) 4.8% (6221) 3.0% (128) 4.7% (6349)

Of the patients, 98,252 (70.7%) were male (Table 2). The “knee injury” group had a mean age of
43 years (±19), and the control group had a mean age of 52 years (±22). The vast majority of patients
with knee ligament injuries were between 16 and 59 years of age (n = 3447, 78.1%). Pediatric and
elderly patients infrequently sustained ligamentous knee injuries. The age distribution was found
bimodal; we observed two peaks: 20–30 years and 40–50 years (Figure 1).

Table 2. Demographic and outcome data.

Control Group Knee Injury

Male sex % (n) 70.5% (94,981) 74.3% (3271)

Mean age (SD), years 52 (22) 43 (19)

Pediatric age (≤ 15 years) 3.3% (4420) 2.3% (102)

ISS: mean (SD), points 21.7 (12) 21.4 (11)

New ISS: mean (SD), points 27.5 (14) 26.0 (12)

ICU LOS: days † 7.4 / 3 (11) 8.4 / 3 (12)

Hospital LOS: days † 19 / 14 (19) 26 / 21 (22)

Delayed injury identification β 8.3% (108) 14.7% (120)

LOS = length of stay; ICU = intensive care unit. (†) mean / median (SD). (β) Injury diagnosed at ICU or later;
available for cases with standard documentation only.
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Figure 1. Age distribution of patients with knee ligament injuries (each column represents a
5-year interval).

4.2. Injury Pattern

Mean ISS (21.7 vs. 21.4 points) and NISS (27.5 vs. 26.0 points) values were comparable for both
groups. In terms of associated injuries, the control group had a higher rate of head injuries (45.0%)
compared to the knee injury group (25.9%).

No clinically relevant variance for facial, chest, and abdominal or spinal injuries was observed
(Table 3) between the two groups. However, upper and lower extremity injuries and pelvic fractures
were more frequently diagnosed in patients with ligamentous knee injuries. The rate of associated
neurovascular injuries was increased in patients with ligamentous knee injuries and even more
pronounced in case of knee dislocation (peroneal nerve: 6.7% and popliteal artery: 6.9%).

Table 3. Patterns of injury.

Control Group Knee Injury Total

Head injury (AIS ≥3) 45.0% (60,755) 25.9% (1141) 44.4% (61,896)

Facial injury (AIS ≥2) 11.6% (15,634) 10.9% (483) 11.6% (16,117)

Chest injury (AIS ≥3) 47.7% (64,458) 50.7% (2238) 47.8% (66,696)

Abdominal injury (AIS ≥3) 12.4% (16,800) 12.1% (532) 12.4% (17,332)

Extremity injury (AIS ≥3) 30.1% (40,674) 56.9% (2508) 31.0% (43,182)

Spinal injury (AIS ≥2) 29.6% (39,926) 29.1% (1283) 29.5% (41,208)

UE injury (AIS ≥2) 30.0% (40,563) 39.9% (1758) 30.3% (42,321)

LE injury (AIS ≥2) 26.3% (35,542) 76.5% (3375) 27.9% (38,917)

Pelvic injury (AIS ≥2) 17.9% (24,139) 27.1% (1195) 18.2% (25,334)

Femur fracture % (n) 13.9% (18,826) 31.6% (1394) 14.5% (20,220)

Tibia fracture % (n) 10.3% (13,853) 31.7% (1399) 10.9% (15,252)

Patella fracture % (n) 4.5% (6084) 16.6% (731) 4.9% (6815)

Peroneal nerve injury % (n) 0.4% (489) 3.9% (63) 0.4% (552)

Popliteal artery injury % (n) 0.2% (228) 2.2% (99) 0.2% (327)

UE = upper extremity; LE = lower extremity.
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4.3. Length of Hospital Stay and Delayed Diagnosis

The hospital stay was prolonged by seven days in patients with associated ligamentous knee
injuries, and 228 patients had a delay longer than 48 h in the diagnosis of a ligamentous knee injury.

4.4. Multivariate Logistic Regression Analysis

The multivariate logistic regression analysis model (Table 4) identified various variables associated
with an increased risk for knee ligament injury: (1) Pedestrian struck by vehicle (OR 3.2, 95% CI:
2.69–3.74 p ≤ 0.001); (2) MCA (OR 3.0, 95% CI: 2.58–3.48, p ≤ 0.001); (3) patella fracture (OR 2.3, 95% CI:
1.99–2.62, p ≤ 0.001); (4) MVA (OR 2.2, 95% CI: 1.86–2.51, p ≤ 0.001); (5) tibia fracture (OR 1.9, 95% CI:
1.75–2.05, p ≤ 0.001); (6) femur fracture (OR 1.8, 95% CI: 1.64–1.89, p ≤ 0.001); (7) fibula fracture (OR 1.8,
95% CI: 1.62–1.98, p ≤ 0.001); (8) bicycle accident (OR 1.5, 95% CI: 1.21–1.74, p≤ 0.001); (9) pelvic fracture
(OR 1.3, 95% CI: 1.24–1.44, p ≤ 0.001); and (10) upper extremity fracture (OR 1.1, 95% CI: 1.03–1.18,
p = 0.004).

Table 4. Logistic regression analysis: predictors for ligamentous knee injuries.

Risk Factors Odds Ratio (OR) 95% Confidence Interval (CI) p-Value

Mechanisms of Injury

Motor vehicle accident 2.2 1.86–2.51 ≤ 0.001

Motorcycle accident 3.0 2.58–3.48 ≤ 0.001

Pedestrian struck 3.2 2.69–3.74 ≤ 0.001

Bicycle accident 1.5 1.21–1.74 ≤ 0.001

Skeletal Injuries

Pelvic fracture 1.3 1.24–1.44 ≤ 0.001

Femur fracture 1.8 1.64–1.89 ≤ 0.001

Patella fracture 2.3 1.99–2.62 ≤ 0.001

Tibia fracture 1.9 1.75–2.05 ≤ 0.001

Fibula fracture 1.8 1.62–1.98 ≤ 0.001

Upper extremity fracture 1.1 1.03–1.18 0.004

Demographic Data

Male sex 1.0 0.96–1.12 0.29

5. Discussion

This study interrogated a large registry database to investigate the mechanisms of injury that
cause associated ligamentous knee injuries in severely injured patients. Furthermore, demographics
and associated injuries in severely injured patients with knee ligament injuries were characterized.
Such information is likely to support the development of diagnostic protocols and thereby to increase
the early diagnosis of ligamentous knee injuries in this patient cohort. This is of upmost importance
because it is known that such injuries are missed in up to 30% of patients [17], and a delayed diagnosis
of these injuries can have devastating effects on their outcomes [28]. In a long-term study after multiple
trauma, knee injuries were most often responsible for preventing individuals to return to sports [13].

5.1. Incidence and Demographic Data

The incidence of ligamentous knee injuries in our study population was 3.2%, and 0.8% of the
included patients suffered a dislocated knee. These findings are in line with recent publications,
since ligamentous knee injuries, especially knee dislocations, are rare injuries. Particularly, traumatic
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knee dislocations are very rare and have been described to account for only 0.02% of orthopedic
injuries [29].

We observed a bimodal age distribution for ligamentous knee injuries, with one peak in the third
decade of life and a second peak in the fifth decade of life. The highest incidence of ligamentous
knee injuries in the severely injured patient was previously identified in men aged between 18 and
29 years (incidence, 29 per 1 million person-years in 2011) [30]. The observed bimodal distribution
with a second peak in the fifth life decade may be caused by the current demographic situation in
the participating countries [31,32], and therefore might also reflect the reality of social and behavioral
changes in people’s lives at certain time points.

5.2. Mechanisms and Patterns of Injury

Recently, a number of publications highlighted low-velocity mechanisms in obese individuals
as novel and separate mechanism causing ligamentous knee injuries [7–10]. According to our data,
low energy falls contributed to only 4.9% of all ligamentous knee injuries, and the vast majority of
complex knee injuries were associated with high-energy trauma. Predominant injury mechanisms
leading to knee injuries were MVAs, MCAs, and pedestrian struck by a car. Multiple previous studies
also reported motor vehicle collisions as the major cause of these injuries [33–36].

5.3. Associated Injuries and Outcome

While we report ligamentous and neurovascular injuries of the knee in dichotomous fashion, we
are unable to comment on exact intra-articular pathologies. Krych et al. evaluated 122 dislocated knees
in 121 patients and found associated intra-articular injuries in addition to ligament injuries in 76% of
patients [37].

We identified a high incidence of concomitant injuries particularly of the lower extremity
(i.e., patella fractures) and the chest in our population with ligamentous knee injuries. This finding
should prompt a comprehensive assessment of ligamentous knee injuries in all these situations,
especially when the knee injury is not obvious. Accordingly, Darcy et al. [29] reported in a group
of 80 patients with knee dislocation that 57.1% of the cases were associated with another injury.
Also other reports described a number of injuries associated with ligamentous knee injuries. In this
context it was found, that 25% of patellar fractures were associated with a posterior cruciate ligament
injury [19]. A retrospective analysis of 114 femoral shaft fractures in 110 patients, at an average of
3.9 years post-injury, showed that 27% of patients had some form of knee ligament insufficiency,
while 11% complained of knee instability [18]. The same study found that knee instability was even
more prevalent, with 54% in cases of combined ipsilateral femur and tibial shaft fractures [18]. As a
conclusion, the authors advocated examination of the knee under anesthesia in all patients with a
femoral shaft fracture. Accordingly, another study found a 20% risk of ipsilateral ligamentous knee
injuries after femoral shaft fractures (87 of 429 cases, 32 of which were multi ligamentous injuries) [17].
Most importantly, 30% of these injuries were only detected at an average of 11 weeks (range 1–32 weeks)
after the surgical treatment of the femoral shaft fracture. At 14.7%, the delayed diagnosis of ligamentous
knee injuries in our study was half of that.

5.4. Associated Neurovascular Injuries

This study found that the incidence of popliteal artery injuries associated with ligamentous injuries
to the knee is bigger than previously reported by large cohort series. Notably, popliteal artery injuries
can also be associated with isolated ligamentous injuries of the knee, as our study identified 99 popliteal
artery injuries (2.2%) in patients with isolated knee ligamentous injuries. The incidence of popliteal
artery injury in patients with knee dislocations at 6.9% (79 cases) in our study was higher than in other
studies with large cohorts based on either an analysis of a large insurance database [38] or a prospective
review of 303 cases of knee dislocations [39]. This might be explained by a higher proportion of high
energy trauma cases in our study. However, the incidences of our and the other aforementioned studies
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are markedly lower compared to results from smaller cohort series investigating knee dislocations.
For example, a review of 67 patients at a multicenter study found the incidence of popliteal artery
injury in 12% (9 patients) of patients with knee dislocations in which both cruciate ligaments are
injured [40], while a systematic review of 23 studies with rather small study populations with knee
dislocation found the incidence of popliteal artery injury to be 18% [3]. Excluding the questions
related to relatively small retrospective studies and the associated selection bias, it is possible that such
differences are also related to the mechanism of injury and patient-specific factors. In this context,
the exact role of the injury mechanism for the development of popliteal injuries is not fully clarified.
While this and other studies [3,10,30,41–43] mainly observed vascular injuries associated with knee
dislocations in high-energy trauma cases, some authors suggest that knee dislocation-associated
vascular injuries preferably appear secondary to low energy injuries (21% in ultra-low energy injuries)
when compared with high energy injuries mechanisms (13%) [41]. Also patient- and injury-specific
risk factors (increased body mass index and open injuries, OR 3.366; 95% CI, 1.008–11.420; p = 0.048)
for vascular injuries in case of knee dislocation were identified [42]. This study also found that the
incidence of peroneal nerve injuries was smaller than previously reported. We identified 148 (3.9%)
peroneal nerve injuries in patients with isolated knee ligamentous injuries and 77 peroneal nerve
injuries (6.7%) in patients with knee dislocations. By comparison, a prospective review of 303 patients
with knee dislocations found the incidence of peroneal nerve injuries to be 19.2% [39], and a systematic
review identified the risk of common peroneal nerve injuries in knee dislocations to be as high as
25% [3]. As with the vascular injuries, injury mechanism and patient-specific factors might again
explain these differences. In this context, some literature has suggested that lower energy injuries are
more likely to be associated with nerve damage compared with higher energy injuries [41].

5.5. Limitations

This study has several limitations. Owing to the nature of the TraumaRegister DGU® and the
well-known inclusion criteria, our data concerning injury mechanisms were biased toward high-energy
injuries rather than low-energy injuries. Therefore, our findings are not generalizable to isolated
injuries such as ultra-low-energy knee dislocations, e.g., from low-level falls. Furthermore, as the
number and anatomic sites of ligament injuries around the knee are not consistently documented within
the TraumaRegister DGU®, we are unable to report the exact anatomic injury patterns. Additionally,
in severely injured patients, there is a risk of underreporting of knee injuries related to early mortality
or limb-loss. The TraumaRegister DGU® is also not designed to capture occult knee injuries that
were diagnosed after hospital discharge or transfer to a rehabilitation facility. Especially in patients
with limited mobility, knee instability, and associated pain might be clinically unapparent prior
to weight-bearing mobilization during rehabilitation. However, the current study also has several
strengths to be recognized. First, to our knowledge, this is the largest study analyzing knee injuries
in severely injured patients. Therefore, the epidemiologic data, description of injury mechanisms,
general injury severity, and concomitant injuries seem to be valid and clinically relevant. Second,
the logistic regression analysis involved a wide range of risk factors including injury mechanisms and
skeletal injuries. The analysis identified various independent predictors for knee injuries that are also
applicable in sedated and ventilated trauma patients.

6. Conclusions

Ligamentous knee injuries caused by high-energy trauma are associated with concomitant injuries
of the pelvis, femur, patella, and lower leg, but are not predicted by general injury severity or sex.
Despite comparable injury severity, ligamentous knee injuries prolong the hospital length of stay and
could therefore be considered a surrogate for increased treatment complexity and costs.
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Abstract: Postburn hypertrophic scarring is a common complication in burn injuries to the hands,
often associated with impaired hand function. We evaluated the effects of extracorporeal shock wave
therapy (ESWT), compared to a sham stimulation therapy, on hypertrophic scars of the hand caused
by burn injury and investigated its effects on hand function. This was a double-blinded, randomized,
controlled trial of 48 patients with a burn to their dominant right hand. The parameters of ESWT
were as follows: energy flux density, 0.05–0.30 mJ/mm2; frequency, 4 Hz; 1000 to 2000 impulses per
treatment; four treatments, once a week for four weeks. The outcomes measured were as follows:
a 10-point visual analogue scale pain score; Vancouver scar scale for scar vascularity, height, pliability
and pigmentation; ultrasound measurement of scar thickness; Jebsen−Taylor hand function test;
grip strength; Perdue pegboard test; and the Michigan hand outcomes questionnaire. The change in
the score from baseline to post-treatment was compared between the two groups. ESWT improved
the pain score (p = 0.001), scar thickness (p = 0.018), scar vascularity (p = 0.0015), and improved
hand function (simulated card-turning, p = 0.02; picking up small objects, p = 0.004). The other
measured outcomes were not different between the two groups. ESWT is effective in decreasing pain,
suppressing hypertrophic scarring, and improving hand function.

Keywords: extracorporeal shock wave therapy; hypertrophic scar; burn; hand function

1. Introduction

Hypertrophic scarring is a common complication after a burn. Hypertrophic scars result from
excessive tissue formation during the wound healing process [1]. The mechanisms underlying
hypertrophic scar formation include exaggerated inflammation, prolonged re-epithelialization,
excessive extracellular matrix production, and reduced apoptosis [2]. Both types of hypertrophic scars,
those which are raised and inflexible [3] and those which are characterized by traction on surrounding
tissues, can result in functional limitations [4]. Common complications after burn injuries to the hands
include decreased hand performance, sensory impairment, and scar contracture [5]. Hand complications
such as these may impair performance of the activities of daily life. Nonsurgical treatments of postburn
hypertrophic scars include intralesional corticosteroid injection, laser therapy, compression therapy,
and silicone therapy. The outcomes of these nonsurgical treatments of hypertrophic scars on the
hands, however, have not yielded satisfactory outcomes. Recently, there has been increased focus on
shortening the healing time and improving hand function to reduce the risk of hypertrophic scarring.
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Extracorporeal shock wave therapy (ESWT) is effective in the treatment of orthopedic diseases and
neuropathic pain and has also been used in regenerative medicine of the skin [6], with neoangiogenesis
and anti-inflammatory effects having been reported [7]. The regeneration effects of ESWT have been
demonstrated in improving the healing of burn wounds [8,9] as well as in decreasing hypertrophic
scarring after a burn [10]. ESWT may also improve the pliability and the subjectively evaluated
appearance of postburn scar contracture [11]. Studies in our own institution found ESWT to be useful
for burn-associated pain and pruritus and demonstrated that ESWT can suppress the hypertrophic
scarring. The anti-fibrotic effects of ESWT can likely be attributed to its molecular effect on hypertrophic
scars [1,12,13]. However, the effects of ESWT on hypertrophic scarring of the hand and on hand
function have not been evaluated to date. Therefore, this research aimed to evaluate the effectiveness
of ESWT on hypertrophic scars and on the hand functions affected by such scarring.

2. Experimental Section

2.1. Methods

Study Design and Statement of Ethics

This was a double-blinded, randomized, controlled trial of 48 patients (45 male, 3 female) recruited
from the Department of Rehabilitation Medicine, Hangang Sacred Heart Hospital, Korea, between
November 2019 and April 2020. Our study was approved by the Ethics Committee of the Hangang
Sacred Heart Hospital (HG2018-047) and registered in ClinicalTrials (NCT04138355). All patients
provided written informed consent.

2.2. Study Group

Each of the 48 patients enrolled in the study were ≥18 years old and had sustained a deep
partial-thickness (second-degree) burn or a full thickness (third-degree) burn involving only the
right hand, which had been treated with a split-thickness skin graft (STSG) after the thermal injury,
<6 months prior to enrollment. At the time of the study, all the patients were in the re-epithelialization
phase of wound healing and had been transferred to the rehabilitation department, after acute burn
treatment, to improve hand and wrist stiffness due to painful retracting scarring. The criteria for
exclusion from the study were as follows: left-hand dominance; musculoskeletal diseases (fracture,
amputation, rheumatoid arthritis, and degenerative joint diseases) of the right dominant hand;
pregnancy; or potential for additional damage to the skin if exposed to ESWT and conventional
occupational therapy.

The first 50 burn patients who met our inclusion/exclusion criteria were randomly allocated,
using a computer program, to either the ESWT (n = 25) group or to the sham (n = 25) group. While all
participants in the sham group completed the trial protocol, two patients in the ESWT group dropped
out of the study because they did not want to undergo serial evaluations. Thus, 23 patients were
ultimately included in the ESWT group, and 25 were included in the sham group (Figure 1).
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Figure 1. Diagram for subject enrollment, allocation, and follow-up.

2.3. Intervention

Patients in both groups received standard rehabilitation treatment for burn injuries to the hands,
including medication, scar lubrication, massage therapy to the scars, and occupational therapy to
improve hand function. Occupational therapy treatment consisted of 20 sessions (30 min per day,
five days a week) for four weeks. Every effort was made to provide the same exercise rehabilitation for
both groups and to adapt the level of difficulty of the exercises prescribed to each patient’s performance.
Patients received one ESWT or sham treatment session per week for four weeks.

Patients in the ESWT group were asked to select the most hypertrophic and retracting scar on their
dominant right hand for treatment. ESWT was conducted using the Duolith SD-1 device (StorzMedical,
Tägerwilen, Switzerland), with an electromagnetic cylindrical coil source used to focus the shock wave
(Figure 2). ESWT was performed around the primary treatment site, at an intensity of 100 impulses/cm2,
an energy flux density (EFD) of 0.05 to 0.30 mJ/mm2, and a frequency of 4 Hz. Between 1000 to 2000
impulses were administered per session, for four sessions held at one week intervals. In the sham
group, the same shock wave equipment, with the same-shaped adapter, as in the experimental group
was used, but with no energy emitted (Figure 3).
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Figure 2. The extracorporeal shock wave therapy was administered to burn patients. The administered
shock wave dose was 100 impulses/cm2 at 0.05 to 0.30 mJ/mm2 with a total of 1000 to 2000 impulses
per treatment.

 

Figure 3. Sham adapter: (A) inside view; (B) outside view.

2.4. Outcome Measures

In order to evaluate the effect of ESWT, we compared the change in the severity of pain,
scar thickness, and hand function between the ESWT and sham groups, from baseline measures taken
immediately before the intervention and measures taken immediately after session 4. The 10-point
visual analogue scale (VAS) was used to measure self-reported pain severity, with ratings from 0
(no pain) to 10 (unbearable pain). The Vancouver scar scale (VSS), an observer-dependent scale of the
macroscopic appearance of scarring, was used to measure changes in the scar over the four week period
of treatment [14]. The VSS consists of four parameters (vascularity, height, pliability, and pigmentation),
scored in total on a 14-point scale, with a higher score indicative of a better outcome. The thickness of the
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scar was objectively quantified by ultrasound (128 BW1 US system, Medison, Korea). Grip and pinch
strength were quantified using a hand-held dynamometer (Lafayette Instrument, USA). The Michigan
hand outcomes questionnaire (MHQ) was used to assess a patient’s perception of hand function on a
scale of 0–100, with a higher score indicative of a better outcome [15]. The Jebsen−Taylor hand function
test (JTT) was used to measure the performance speed of standardized tasks. The JTT consists of seven
subtests, each scored on a scale of 0–15, with a higher score indicative of better hand function [16].
In the Perdue pegboard test (PPT), motor function is measured by the number of pins that can be
placed in the board (along two parallel rows with 25 holes each) in 30 s, and dexterity is measured
by the number of pins, washers, and collars that can be assembled in 60 s. Scores were evaluated for
the affected right (dominant) hand and both hands [17]. Outcome measurements and data analyses
were performed by a trained and blinded outcome assessor who was not involved in the intervention.
Possible complications (pain, ecchymosis, skin abrasion, and swelling) were observed.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS, version 23 (IBM Corp., Armonk, NY, USA). Fisher’s
exact test was used to evaluate the homogeneity of the distribution of sex and burn types between
the two groups before treatment, and the independent t-test was used to evaluate the homogeneity
of distribution of the total burn surface area (TBSA), scar thickness, total VSS, dominant-hand and
bilateral PPT scores, and the score for picking up small objects subtest of the JTT. A between-group
p-value < 0.05 was deemed significant. The pre- to post-treatment scores were evaluated between the
two groups using the Mann−Whitney or independent t-test, as appropriate for the variable type and
distribution, with a p-value < 0.05 deemed significant.

3. Results

There were no differences between the two groups in terms of demographic and clinical
characteristic before treatment (p > 0.05 for all comparisons; Table 1). There were no differences in the
measured outcomes before treatment between the two groups (p > 0.05 for all comparisons; Table 2).

Table 1. Baseline characteristics of the study group.

ESWT Group (n = 23) Sham Group (n = 25) p-Value

Male:Female 22:1 23:2 0.53
Age (years) 47.09 ± 11.09 48.56 ± 11.18 0.94

Cause of burn 0.43
Flame burn 15 18

Electrical burn 1 3
Contact burn 0 1
Scalding burn 3 1

Spark burn 4 2
Time to treatment (days) 64.04 ± 36.62 63.48 ± 14.43 0.12

TBSA (%) 28.39 ± 17.86 27.80 ± 19.46 0.91

ESWT, Extracorporeal shock wave therapy; TBSA, total burn surface area. Values are presented as mean ± standard
deviation. The p-values were calculated using Fisher’s exact test, the Mann−Whitney test, or Student’s t-test
as appropriate.
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Table 2. Outcome measures at baseline.

ESWT Group (n = 23) Sham Group (n = 25) p-Value

VAS 7.00 ± 1.24 6.96 ± 1.21 0.84
Thickness (cm) 0.21 ± 0.11 0.19 ± 0.06 0.36

Vancouver Scar Scale

Pigmentation 3.00 ± 0.00 2.92 ± 0.28 0.17
Pliability 1.87 ± 0.76 2.20 ± 0.76 0.14
Height 1.43 ± 0.51 1.56 ± 0.58 0.33

Vascularity 2.17 ± 0.72 2.32 ± 0.75 0.45
Total 8.48 ± 1.70 9.00 ± 1.85 0.32

Grasp and Pinch Power Test

Grasp (kg) 7.50 ± 7.40 5.81 ± 7.72 0.38
Lateral Pinch (kg) 3.21 ± 1.67 3.58 ± 5.21 0.43

Tip Pinch (kg) 1.40 ± 0.91 1.32 ± 1.33 0.56
Jebsen−Taylor Hand Function Test

Writing 11.04 ± 4.80 10.64 ± 3.49 0.10
Cards 3.57 ± 2.78 3.04 ± 2.42 0.53
Small 5.57 ± 3.86 5.04 ± 4.23 0.66

Checkers 9.26 ± 4.11 8.00 ± 5.38 0.72
Feeding 10.09 ± 4.07 8.88 ± 5.23 0.73

Light 8.78 ± 4.52 9.68 ± 3.69 0.60
Heavy 8.52 ± 4.33 8.08 ± 4.47 0.76

Perdue Pegboard Test

Affected hand 7.78 ± 5.51 8.52 ± 3.37 0.58
Both hands 5.78 ± 4.49 6.36 ± 2.61 0.59
Assembly 12.13 ± 12.33 14.00 ± 8.45 0.26

Michigan Hand Outcomes Questionnaire

Function 21.09 ± 12.96 23.80 ± 10.54 0.30
ADL 21.52 ± 12.38 23.20 ± 12.74 0.49
Work 15.57 ± 14.24 15.20 ± 18.06 0.63
Pain 34.35 ± 28.13 24.92 ± 21.27 0.22

Esthetics 12.36 ± 16.36 10.08 ± 13.78 0.74
Satisfaction 24.96 ± 12.35 25.08 ± 14.10 0.75

VAS, visual analogue scale; ESWT, extracorporeal shock wave therapy. Values are presented as the mean ± standard
deviation. The p-values were calculated using Fisher’s exact test, the Mann−Whitney test, or Student’s t-test
as appropriate.

More reductions were found in the ESWT group than in the sham group for the pre- to
post-treatment change in the VAS score (p = 0.001) and vascularity VSS score (p = 0.0015) (Table 3).
There was a slight decrease in the pre- to post-treatment change of scar thickness (p = 0.018) for the
ESWT group over the sham group (Table 3). However, there were no significant differences in the
change score between the two groups for scar pigmentation (p = 0.19), pliability (p = 0.78), height
(p = 0.66), and the total VSS score (p = 0.19; Table 3). Similarly, grip strength improved in both groups,
without a difference in the change scores between the two groups (grasp, p = 0.99; lateral pinch, p = 0.46;
and tip pinch, p = 0.26; Table 3). For the JTT, the change scores were significantly greater for the ESWT
than the sham group for the subtasks of simulated card-turning (p = 0.02) and picking up small objects
(p = 0.004), with no between-group differences in the change score for the remaining subtasks (writing,
p = 0.12; stacking checkers, p = 0.15; simulated feeding, p = 0.99; picking up large light objects, p = 0.16;
and picking up large heavy objects, p = 0.90; Table 3). For the PPT, there were no significant differences
in the change scores for the affected hand (p = 0.12), both hands (p = 0.97), and assembly (p = 0.44;
Table 3). Furthermore, there were no between-group differences in any of the subscores of the MHQ
(Table 3): function (p = 0.17); activities of daily living, ADL (p = 0.51); work (p = 0.12); pain (p = 0.45);
esthetics (p = 0.06); and satisfaction (p = 0.15).
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Table 3. Change score (pre- to post-treatment) on measured outcomes.

ESWT Group (n = 23) Sham Group (n = 25) p-Value

VAS −1.48 ± 1.04 −0.52 ± 0.77 0.001 **
Scar thickness (cm) 0.01 ± 0.07 0.07 ± 0.07 0.018 **

Vancouver Scar Scale

Pigmentation −0.04 ± 0.21 −0.16 ± 0.37 0.19
Pliability 0.13 ± 0.81 0.08 ± 1.08 0.78
Height 0.09 ± 0.60 0.44 ± 0.58 0.06

Vascularity −0.52 ± 0.73 −0.04 ± 0.61 0.015 **
Total −0.35 ± 1.61 0.32 ± 1.75 0.19

Grasp and Pinch Power Test

Grasp (kg) 4.71 ± 4.90 4.71 ± 3.77 0.99
Lateral Pinch (kg) 1.10 ± 1.69 0.74 ± 1.61 0.46

Tip Pinch (kg) 0.80 ± 1.13 0.48 ± 0.78 0.26
Jebsen−Taylor Hand Function Test

Writing 1.57 ± 4.11 0.88 ± 3.43 0.12
Cards 2.48 ± 3.54 0.40 ± 2.22 0.02 *
Small 3.70 ± 4.30 0.16 ± 2.87 0.004 **

Checkers 1.30 ± 4.48 3.32 ± 4.40 0.15
Feeding 1.70 ± 3.97 1.48 ± 2.38 0.99

Light 1.78 ± 4.77 0.04 ± 2.17 0.16
Heavy 1.39 ± 5.06 0.60 ± 1.68 0.90

Perdue Pegboard Test

Affected hand 2.26 ± 3.51 0.00 ± 3.65 0.12
Both hands 1.61 ± 2.97 1.44 ± 4.23 0.97
Assembly 4.04 ± 10.55 1.72 ± 10.15 0.44

Michigan Hand Outcomes Questionnaire

Function 13.78 ± 18.12 8.60 ± 15.65 0.17
ADL 11.74 ± 20.43 12.20 ± 20.77 0.51
Work 19.22 ± 19.47 13.72 ± 22.91 0.12
Pain −9.39 ± 24.78 −6.48 ± 18.45 0.45

Esthetics 10.55 ± 16.46 9.60 ± 21.33 0.15
Satisfaction 22.86 ± 21.59 10.30 ± 19.37 0.06

VAS, visual analogue scale; ESWT, extracorporeal shock wave therapy. Values are presented as the mean ± standard
deviation. The p-values for between-group differences were calculated using the Mann−Whitney test (**, p < 0.05)
and independent t-test (*, p < 0.05), as appropriate.

4. Discussion

We evaluated the effectiveness of ESWT on the hypertrophic scars of hand burns that required
STSG. Therapeutic effects were evaluated by the change in scar pain, thickness, esthetic characteristics,
and hand function after a four week period of treatment. The ESWT treatment of hypertrophic scarring
after a burn injury to the hands provided significant benefits in improving hand function, decreasing
pain, and suppressing hypertrophic scar growth.

Cho et al. [12] have reported on the effects of ESWT applied to the area of most severe pain after
complete epithelialization on pain outcomes (ESWT dose: EFD, 0.05 to 0.15 mJ/mm2; frequency, 4 Hz;
and three sessions at one week intervals). The authors proposed that measured improvement in
pain control with ESWT had resulted from a decrease in the number of unmyelinated nerve fibers;
inhibition of nociceptors from repeated stimulation; regulation of neuroinflammatory molecules,
such as substance P; and increased blood flow, facilitating tissue regeneration via an increase in
endothelial nitric oxide synthase (eNOS). Joo et el. applied ESWT to burn scars with severe pruritus,
using the same protocol as described by Cho et al., and found ESWT to be effective in reducing the
severity of pruritus and improving ADLs [13]. Epithelial–mesenchymal transition (EMT), in which
epithelial cells lose the inclination to reproduce, is known to have a role in fibrogenesis during
hypertrophic scarring [18]. Seo et el. [1] identified that ESWT (EFD of 0.03, 0.1, and 0.3 mJ/mm2;
a frequency of 4 Hz; and a volume of 1000 pulses) suppressed EMT by inhibiting the EMT inducer [1].
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In our study, we used an intensity and frequency of ESWT previously shown to have a therapeutic
effect for burns. Previous research has shown the effectiveness of low dose ESWT (0.1 mJ/mm2) in
suppressing hypertrophic scar formation through inhibition of α-SMA expression [19,20]. Meirer et al.
reported that ESWT, applied to partial-thickness burns, three and seven days after the burn injury
(1500 impulses at 0.11 mJ/mm2), reduced the need for surgery and decreased scar formation during the
six month follow-up period [21].

In our study, we also identified a significant benefit of ESWT in improving vascularization
of the scar tissue, measured using the VSS. Previous research has investigated the mechanisms
underlying the mechanosensitive feedback between ESWT and stimulated cells [22]. Nitric oxide
(NO) production contributes to an increase in perfusion, with the improved blood supply preventing
ischemia [22,23]. The accelerated epithelialization after ESWT can be explained by multiple factors,
including neovascularization, increased granulation, and increased epithelial cell proliferation in the
burn wound [8,9,24]. High-energy ESWT (0.3 mJ/mm2, frequency 4 Hz) increased the perfusion at
remote sites via an increase of the NO and of vascular endothelial growth factor (VEGF) [25]. Davis et al.
also demonstrated that the application of ESWT at 1 h postinjury significantly blunted the activity of
inflammatory cells [26], although in clinical practice, hyperemia may occur at the site of ESWT due to
an increase in local blood flow [6,13]. Overall, decreasing the healing time would be an important
factor in reducing the risk of undesirable scarring and decreasing pain.

ESWT is known to be effective for reducing pain and improving function on orthopedic injuries [27].
Substance P may play a role in pain mediation in small unmyelinated C fibers. An intradermal injection
of substance P causes a flare-up in pain, swelling, and pruritus. On the other hand, calcitonin
gene-related peptide (CGRP) is a well-known marker of unmyelinated C fibers and thinly myelinated
Aδ fibers, both of which are important in nociception. The loss of nerve fibers and the depletion of
neuropeptides with ESWT might be effective in decreasing pain. A low dose of ESWT (0.08 mJ/mm2,
frequency 4 Hz) applied to a knee as a treatment for osteoarthritis reduced neuropeptide expression,
which was associated with improved pain and gait function [28]. More substance P and CGRP are
observed in painful hypertrophic scars compared to normal skin [29]. This evidence reinforces the
idea that the pain-control effect of ESWT is likely to be mediated by its effect on pain mediators,
and substance P and CGRP more specifically. The clinical benefits of ESWT have been reported for a
range of orthopedic disorders and associated with self-reported improvements in function and quality
of life [30–32].

ESWT has been widely used in treatment of various tendinopathies in upper limbs. Steroids limit
tenocyte function by reducing proteoglycan and collagen synthesis, which reduce mechanical strength.
Unlike steroid therapy, ESWT studies have shown that ESWT affects tenocyte regeneration, leading to
an improvement in muscle strength. The effectiveness of ESWT compared with that of local steroid
injections showed that ESWT had favorable effects on resolution of pain and improvement of grip
strength [33,34]. In our study, we identified improvements in grip strength with ESWT, as well as
improvement in simulated card-turning and the picking up of small objects. This improved function
might be related to improvements in the pliability of the scar because of ESWT breaking down collagen
fibers to induce scar remodeling. The increased pliability of the scars with ESWT, with a less evident
effect on coloration, has already been reported [11]. A previous study [4] has also indicated that
unfocused application of shock waves (EFD, 0.13 mJ/mm2; frequency, 6 Hz; two sessions per week
for five weeks) was effective in significantly improving VSS scores, scarring pain, and the range of
movement of the hand. These clinical benefits of ESWT were thought to be mediated by stimulation of
dermal fibroblasts, neoangiogenesis, and improvement in the parallel organization of collagen fibers
within the skin. Similarly, a beneficial effect of ESWT has been reported for the treatment of trigger
finger complaints, resulting from enhanced repair and healing of the degenerated tendon [34]. Overall,
as pain, pruritus, and decreased function negatively impact the quality of life after a burn, ESWT may
have a global effect in improving quality of life after burn injuries [35].
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This study requires cautious interpretation of the data, for reasons of small sample size, a short
follow-up period, and the absence of detailed measurement of range of motion in the affected hand.
Future studies with a longer time frame and more detailed assessment are needed to confirm our
findings. Continued basic research into the mechanisms underlying the clinical effects of ESWT are
needed to determine optimal parameters for the clinical management of hypertrophic scars.

5. Conclusions

In making the comparison of ESWT with a sham stimulation therapy for the treatment of
hypertrophic scarring of the hand after a burn injury, we identified a clinically beneficial effect of ESWT
in promoting hand function, improving scarring, and alleviating scar-related pain. This indicates
the clinical usefulness of the intensity and frequency parameters of ESWT that we used in our study.
It is important to point out that the optimal frequency and intensity of ESWT for the treatment
of hypertrophic scars of the hands after a burn remain to be determined. Our findings, however,
do provide experimenters with the option to use ESWT for its potential to improve the management
and treatment of hand burn scars after STSG.
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Abstract: Background: Sepsis frequently occurs after major trauma and is closely associated with
dysregulations in the inflammatory/complement and coagulation system. Thrombin-activatable
fibrinolysis inhibitor (TAFI) plays a dual role as an anti-fibrinolytic and anti-inflammatory factor by
downregulating complement anaphylatoxin C5a. The purpose of this study was to investigate the
association between TAFI and C5a levels and the development of post-traumatic sepsis. Furthermore,
the predictive potential of both TAFI and C5a to indicate sepsis occurrence in polytraumatized
patients was assessed. Methods: Upon admission to the emergency department (ED) and daily for
the subsequent ten days, circulating levels of TAFI and C5a were determined in 48 severely injured
trauma patients (injury severity score (ISS) ≥ 16). Frequency matching according to the ISS in septic
vs. non-septic patients was performed. Trauma and physiologic characteristics, as well as outcomes,
were assessed. Statistical correlation analyses and cut-off values for predicting sepsis were calculated.
Results: Fourteen patients developed sepsis, while 34 patients did not show any signs of sepsis
(no sepsis). Overall injury severity, as well as demographic parameters, were comparable between
both groups (ISS: 25.78 ± 2.36 no sepsis vs. 23.46 ± 2.79 sepsis). Septic patients had significantly
increased C5a levels (21.62 ± 3.14 vs. 13.40 ± 1.29 ng/mL; p < 0.05) and reduced TAFI levels upon
admission to the ED (40,951 ± 5637 vs. 61,865 ± 4370 ng/mL; p < 0.05) compared to the no sepsis
group. Negative correlations between TAFI and C5a (p = 0.0104) and TAFI and lactate (p = 0.0423)
and positive correlations between C5a and lactate (p = 0.0173), as well as C5a and the respiratory rate
(p = 0.0266), were found. In addition, correlation analyses of both TAFI and C5a with the sequential
(sepsis-related) organ failure assessment (SOFA) score have confirmed their potential as early sepsis
biomarkers. Cut-off values for predicting sepsis were 54,857 ng/mL for TAFI with an area under the
curve (AUC) of 0.7550 (p = 0.032) and 17 ng/mL for C5a with an AUC of 0.7286 (p = 0.034). Conclusion:
The development of sepsis is associated with early decreased TAFI and increased C5a levels after
major trauma. Both elevated C5a and decreased TAFI may serve as promising predictive factors for
the development of sepsis after polytrauma.

Keywords: polytrauma; sepsis; complement; patients

1. Introduction

Trauma is responsible for one out of 10 deaths worldwide and is among the most frequent causes
of mortality, notably among young people [1]. Traumatized patients who survive the initial post-injury
phase are at high risk to die from late-occurring complications such as multiple organ failure (MOF),
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respiratory complications, and/or sepsis [2–5]. During sepsis, the activation of both coagulation and
complement systems, which can be triggered by a pathogen itself or damaged tissues, is essential as
a reaction to tissue injury and for an adequate host defense against pathogens [6,7]. Nevertheless,
abnormalities in the well-regulated interactions between these systems or their excessive activation
can be harmful and lead to thrombosis or disseminated intravascular coagulation [6,7].

Thrombin-activatable fibrinolysis inhibitor (TAFI), a procarboxypeptidase 2 or carboxypeptidase
U, is a carboxypeptidase B-like proenzyme with a molecular weight of 56 kDa [8]. Upon activation by
the thrombin-thrombomodulin complex at the vascular endothelial surface, its activated TAFI form
(TAFIa) inhibits fibrinolysis by removing C-terminal lysines from fibrin, which are imperative for the
efficient formation of plasmin [8,9]. In a septic rat model with Pseudomonas aeruginosa, the inhibition of
TAFIa reduced the systemic inflammatory response, thus suggesting that TAFI plays an important
role in the deterioration of organ dysfunction in sepsis [10]. In a rat model of a sepsis-complicating
burn injury, TAFI was elevated after 24 and 72 h, confirming the close link between inflammation and
coagulation [11]. Septic patients, as well as healthy study subjects with low-grade lipopolysaccharide
(LPS)-induced endotoxemia, showed decreased levels of TAFI [12,13], and in polytraumatized patients,
TAFI levels inversely correlated with the inflammation-associated development of complications [14].

Anaphylatoxin C5a is a strong chemoattractant signal that is involved in the regulation of the
innate immune system, playing a key role in host homeostasis, inflammation, and defense against
pathogens [15–19]. Upon activation through the cleavage of C5 to C5a and C5b by the C5-convertase,
C5a takes part in the recruitment and activation of inflammatory cells like neutrophils, eosinophils, T
lymphocytes, and monocytes [19,20]. Recently, in a baboon model of Escherichia coli bacteremia, it was
shown that complement-mediated bacteriolysis had a detrimental effect by inducing a release of LPS
and fulminant inflammation [21]. The inhibition of C5 cleavage blocked sepsis-induced inflammation,
decreased the associated consumptive coagulopathy, and protected organ functions, resulting in
improved survival [21].

Besides its role in coagulation, TAFI has been shown to have anti-inflammatory properties, thus
being able to inactivate activated complement factors C3a and C5a [22,23]. Therefore, in the present
study, we included severely injured trauma patients with sepsis to determine whether TAFI might
represent a possible link between inflammation/complement and coagulation in sepsis.

2. Materials and Methods

2.1. Ethics

This study was performed at the University Hospital of the Goethe University Frankfurt with
the institutional ethical approval in accordance with the Declaration of Helsinki and following the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (167/05).
Written informed consent was obtained from all enrolled patients in accordance with ethical standards.
All patients signed the informed consent forms themselves, or informed consent was obtained from
the nominated legally authorized representative consenting on the behalf of participants, as approved
by the ethical committee.

2.2. Patients

Patients were included according to the following criteria: history of penetrating or blunt
trauma with an injury severity score (ISS) ≥ 16 and between 18 and 80 years of age. Patients with
pre-existing immunological disorders, concomitant acute myocardial infarction, immunosuppressive
or anticoagulant medication, burns, thromboembolic events, and/or lethal injury were excluded.
All patients were treated according to the Advanced Trauma Life Support (ATLS®) standards and
the polytrauma guidelines. While haemodynamically instable patients received immediate surgery,
haemodynamically stable patient underwent whole-body computed tomography. Upon arrival to
the emergency room, the following demographic and clinical data were collected: age; gender; blood
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pressure; respiratory rate; heart rate; temperature; mechanism of injury; abbreviated injury scale for each
body region (head, chest, abdomen, and extremity); and the general injury severity (ISS), as described
before [24]. Routine blood gas analysis (including pH and lactate) was performed upon admission to the
hospital. The numbers of fresh frozen plasma (FFP) and packed red blood cell (PRBC) units transfused
within the first 24 h and during further clinical course were recorded. The diagnose of sepsis was
assessed by both the 2005 criteria outlined by the International Sepsis Forum [25], as well as by the revised
definition criteria according to the Sepsis-3 criteria [26,27]. Systemic inflammatory response syndrome
(SIRS) was defined by fulfilling at least two of the following criteria: heart rate > 90 beats per minute,
respiratory rate > 20 per minute or arterial carbon dioxide tension (PaCO2) < 32 mm Hg, body
temperature >38 ◦C or <36 ◦C, and white blood cell count >12,000 cells/mm3 or <4000 cells/mm3 or
with >10% immature forms. According to the old definition, sepsis was diagnosed when the patients
fulfilled criteria for SIRS and had evidence for an infection. However, limitations of that definition,
including an excessive focus on inflammation and the inadequate specificity and sensitivity of the
SIRS criteria, led to the Sepsis-3 definition, in which sepsis was defined as life-threatening organ
dysfunction caused by a dysregulated host response to infection. The authors have summarized that,
for clinical operationalization, organ dysfunction can be represented by an increase in the sequential
(sepsis-related) organ failure assessment (SOFA) score of 2 points or more, which is associated with
an enhanced in-hospital mortality risk [26,27]. Medical records were analyzed regarding length of
in-hospital stay, length of ICU stay, and in-hospital mortality.

2.3. Blood Processing and Analysis

Blood samples were obtained from 48 severely traumatized patients as early as possible
after admission to the emergency department (ED) and until day ten daily in pre-chilled
ethylene-diaminetetraacetic acid (EDTA) or heparin vacuum tubes (BD vacutainer; Becton Dickinson
Diagnostics, Aalst, Belgium) for routine diagnostics or for laboratory investigations and were kept on
ice until centrifugation at 2000× g for 15 min at 4 ◦C. Afterwards, supernatants were stored at −80 ◦C
until analysis. The mean time between injury and acquisition of the blood sample was 81 ± 8 min.

TAFI levels were measured by using a commercially available ELISA (IMUCLONE™ TAFI ELISA;
American Diagnostica Inc., Stamford, CT, USA) according to the manufacturer’s instructions. The TAFI
antigen level is expressed as a percentage of normal pooled plasma. C5a levels were determined
using a commercially available Human C5a ELISA kit II (BD Biosciences, Heidelberg, Germany)
according to the manufacturer’s instructions. Blood counts were measured using the Sysmex XE-2100
automated blood cell counter (Sysmex Europe GmbH, Norderstedt, Germany). pH, lactate, and
PaCO2 were determined using a standard clinical blood gas analysis device (ABL800 Flex, Radiometer,
Krefeld, Germany).

2.4. Statistics

All data were tested for normal distribution by a Kolmogorov-Smirnov-Lillieford’s test.
Continuous variables were compared using the Mann-Whitney U test, and categorical variables
were analyzed with the two-sided Fisher´s exact test. Data are presented as the mean ± standard error
of the mean (SEM) unless otherwise stated. Receiver-operator curves (ROC) were calculated to analyze
the optimal cut-off values. The sample size was performed based on the mean TAFI data obtained
from the pilot study in Relja et al. [14]. Based on the mean values, a Cohen‘s d of 1.060 and an effect
size of r = 0.468 were calculated. Applying a power of 0.8, a group size of 15 per group is necessary
to reach significant results in an unpaired t-test (α = 0.05). Results were considered as statistically
significant when the p-value was <0.05. Statistical analysis was performed using GraphPad Prism 5.0
software (GraphPad Software Inc., San Diego, CA, USA).
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3. Results

Main Findings

A cohort of 48 patients (33 male) met the inclusion criteria and were included in the study.
Mean patient age was 52.23 ± 2.74 years, and all patients were substantially injured with a mean ISS
of 24.95 ± 1.75. Of these, 14 patients with an ISS of 23.36 ± 2.79 developed sepsis during the clinical
course, while 34 patients with an ISS of 25.78 ± 2.36 did not develop sepsis or septic complications.
Table 1 summarizes the general patient and injury characteristics of the study population. There were
no significant differences between the sepsis and no sepsis group with regard to the general patient
and injury characteristics. The mean time between the onset of trauma and arrival to the ED was
66.17 ± 4.85 min. The mean time until admission to the ED between the cohort of septic patients vs.
not septic patients did not statistically differ (65.40 ± 11.55 vs. 66.50 ± 5.17 min).

Table 1. Demographic and trauma characteristics of the study population. Data are given as mean ±
standard error of the mean; p < 0.05. Abbreviations: a, no sepsis group; AIS, abbreviated injury scale; b,
sepsis group; ISS, injury severity score; and ns, no significance.

Subjects and Trauma
Characteristics

Total
(n = 48)

No Sepsis a

(n = 34)
Sepsis b

(n = 14)

p < 0.05
a vs. b

age (years), mean ± sem 52.23 ± 2.74 48.45 ± 3.74 56,54 ± 3.68 ns

gender (male, %) 33 (68.75%) 22 (64.71%) 11 (78.57%) ns

trauma mechanism (falls) 23 (47.92%) 16 (47.06%) 7 (50.00%) ns

ISS 24.95 ± 1.75 25.78 ± 2.36 23.46 ± 2.79 ns

AIS ≥ 3 (n, %)

Head 22 (45.83%) 16 (47.06%) 6 (42.86%) ns

Chest 16 (33.33%) 11 (32.35%) 5 (35.71%) ns

Abdomen 7 (14.58%) 4 (11.76%) 3 (21.43%) ns

Extremity 10 (20.83%) 7 (20.59%) 3 (21.43%) ns

To investigate the influence of blood transfusions concerning the development of sepsis after
polytrauma, the number of fresh frozen plasma (FFP) and packed red blood cells (PRBC) during the
first 24 h after admittance to the emergency department and during the whole clinical course were
determined. Patients belonging to the sepsis group received significantly more units of packed red
blood cells during the whole clinical treatment compared to the no sepsis group (10.50 ± 2.50 vs.
5.46 ± 21.74; p < 0.05). As depicted in Table 2, there were no significant differences between these two
groups concerning the units of packed red blood cells during the first 24 h, the systolic blood pressure
<90 mm Hg at admittance to the ED, the number of transfused units of fresh frozen plasma within 24 h
or during the whole clinical course, or the body temperature at admittance to the ED. Furthermore, no
significant differences among the groups in the international normalized ratio (INR), activated partial
thromboplastin time (PTT), or platelet counts (PLT) were assessed.
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Table 2. Physiologic characteristics of the study population. Data are given as mean ± standard error
of the mean; p < 0.05. Abbreviations: a, no sepsis group; b, sepsis group; ED, emergency department;
FFP, fresh frozen plasma; INR, international normalized ratio; ns, no significance; PLT, platelet; PRBC,
packed red blood cells; PTT, activated partial thromboplastin time; and SBP, systolic blood pressure.

Physiologic Characteristics
Total

(n = 48)
No Sepsis a

(n = 34)
Sepsis b

(n = 14)

p < 0.05
a vs. b

SBP < 90 mm Hg (ED, n, %) 5 (10.42%) 2 (5.71%) 3 (21.43%) ns

PRBC transfusion within 24 h (Units) 4.84 ± 1.18 3.81 ± 1.53 7.14 ± 2.01 ns

PRBC transfusion total (Units) 6.98 ± 1.41 5.46 ± 21.74 10.50 ± 2.50 <0.05

FFP transfusion within 24 h (Units) 2.54 ± 0.69 1.65 ± 0.71 4.31 ± 1.45 ns

FFP transfusion total (Units) 2.68 ± 0.75 1.73 ± 0.75 4.43 ± 1.56 ns

INR (ED) 1.34 ± 0.08 1.36 ± 0.11 1.31 ± 0.06 ns

PTT (ED, s) 36.13 ± 2.79 37.12 ± 3.88 33.72 ± 1.62 ns

PLT count (ED, × 103/μL) 201.40 ± 10.34 198.00 ± 12.44 210.30 ± 18.97 ns

A significantly prolonged stay in the intensive care unit was observed in septic patients
(22.14 ± 4.12 days vs. 7.00 ± 1.16; p < 0.0001), and in-hospital stays lasted significantly longer
for this group (41.07 ± 6.43 vs. 19 ± 2.90; p < 0.001) compared to the group without septic complications.
A total of six patients (12.5%) died, with a significantly higher number of patients in the sepsis group
compared with the no sepsis group (four vs. two; p < 0.05; Table 3).

Table 3. Outcome of the study population. Data are given as mean ± standard error of the mean; p <
0.05. Abbreviations: a, no sepsis group; b, sepsis group; ICU, intensive care unit.

Outcome
Total

(n = 48)
No Sepsis a

(n = 34)
Sepsis b

(n = 14)

p < 0.05
a vs. b

ICU stay (days) 11.71 ± 1.82 7.00 ± 1.16 22.14 ± 4.12 <0.0001

in-hospital stay (days) 25.67 ± 3.13 19.00 ± 2.90 41.07 ± 6.43 <0.001

in-hospital mortality (n, %) 6 (12.5%) 2 (5.88%) 4 (28.57%) <0.05

In order to further investigate the differences of clinical features at admission to the ED between
patients developing sepsis during the clinical course and patients who did not develop sepsis, we
compared lactate concentrations and pH values in the blood, heart rate, and respiratory rate in our study
cohort. As shown in Figure 1, patients who developed sepsis had significantly higher amounts of lactate
in their blood and a more acidic constellation of their acid bases balance, as depicted by significantly
lower pH values (p < 0.05; Figure 1A,B). Furthermore, patients who developed sepsis during the
clinical course had significant changes of their vital parameters, as they had higher respiratory and
heart rates at their admission to the ED (p < 0.05; Figure 1C,D).

In order to investigate changes in coagulation and inflammation, we measured TAFI and C5a
levels at admission to the ED. Patients belonging to the sepsis group had significantly lower TAFI
levels and significantly higher C5a levels compared to the no sepsis group, as shown in Figure 2A,B,
respectively (p < 0.05). Moreover, patients from the sepsis group showed significantly increased
leukocytes counts compared with the no sepsis group (p < 0.05; Figure 2C).
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Figure 1. Upon admission of severely injured trauma patients (n = 48) to the emergency department,
lactate levels (A), pH values (B), heart rate (C), and respiratory rate (D) were measured. Patients were
stratified to those who developed sepsis in their clinical course (sepsis, n = 14) vs. those who did not
develop infectious complications (no sepsis, n = 34). Data are shown as mean ± SEM. * p < 0.05 sepsis
vs. no sepsis.

Figure 2. Upon admission of severely injured trauma patients (n = 48) to the emergency department,
plasma thrombin-activatable fibrinolysis inhibitor (TAFI) levels (A), plasma C5a levels (B), and leukocyte
counts (C) were determined. Patients were stratified to those who developed sepsis in their clinical
course (sepsis, n = 14) vs. those who did not develop infectious complications (no sepsis, n = 34). Data
are shown as mean ± SEM. * p < 0.05 sepsis vs. no sepsis.

In addition, we analyzed correlations between TAFI and/or C5a and clinical (heart and respiratory
rate) or laboratory parameters (pH value, leukocyte count, lactate value, INR, thromboplastin time
(TPT), PTT, and PLT) and the SOFA score. TAFI and C5a, as well as TAFI and lactate, have shown a

210



J. Clin. Med. 2020, 9, 1230

significant negative correlation (TAFI and C5a: Pearson r = −0.4933, p < 0.0104 and TAFI and lactate:
Pearson r = −0.4268, p < 0.0423; Table 4 and Figure 3A,B). Furthermore, C5a and lactate, as well as C5a
and the respiratory rate, had a significant correlation (C5a and lactate: Pearson r = 0.4542, p < 0.0173
and C5a and respiratory rate: Pearson r = 0.4185, p < 0.0266; Table 4 and Figure 3C,D). In addition,
correlation analysis of TAFI and C5a with the SOFA score have shown a significant negative correlation
of TAFI with the SOFA score (Pearson r = −0.3865, p = 0.0422) and a significant positive correlation of
C5a with the SOFA score (Pearson r = 0.3795, p = 0.0386) (Table 4).

Table 4. Correlation analyses between thrombin-activatable fibrinolysis inhibitor (TAFI), C5a, leukocyte
counts, lactate levels, pH values, heart and respiratory rates, sequential (sepsis-related) organ failure
assessment (SOFA) score, international normalized ratio (INR), thromboplastin time (TPT), partial
thromboplastin time (PTT), and platelet (PLT). p < 0.05: statistically significant.

Correlation Analysis Pearson r p-Value Number of Pairs

TAFI and C5a −0.4933 0.0104 26

TAFI and leukocytes −0.2442 0.1855 31

TAFI and lactate −0.4268 0.0423 23

TAFI and pH 0.2079 0.3532 22

TAFI and heart rate −0.2603 0.2304 23

TAFI and respiratory rate −0.3685 0.0915 22

TAFI and SOFA score −0.3865 0.0422 28

TAFI and INR −0.0499 0.7860 32

TAFI and TPT 0.0299 0.8750 30

TAFI and PTT 0.0369 0.8409 32

TAFI and PLT −0.3048 0.0085 33

C5a and leukocytes −0.2260 0.1918 35

C5a and lactate 0.4542 0.0173 27

C5a and pH −0.0805 0.6839 28

C5a and heart rate 0.2416 0.2068 29

C5a and respiratory rate 0.4185 0.0266 28

C5a and SOFA score 0.3795 0.0386 30

C5a and INR −0.0199 0.9055 38

C5a and TPT −0.2056 0.2291 36

C5a and PTT 0.0731 0.6629 38

C5a and PLT 0.0138 0.9353 37

To investigate which of the examined parameters in this study (TAFI, C5a, leukocytes count,
lactate, heart rate, and respiratory rate) could provide a prognostic marker for the development of
sepsis after polytrauma, the predictive power of each parameter has been calculated using ROC
analyses. While the ROC analysis for lactate did not show a statistically significant area under the
ROC curve (p = 0.052), TAFI showed an optimal cut-off for predicting sepsis on admission to the ED at
54,857 ng/mL, with a sensitivity of 64% and specificity of 87.50%. The AUC was 0.7550 (95% CI: 0.585
to 0.925; p < 0.032; Table 5 and Figure 4A). C5a showed an optimal cut-off at 17 ng/mL on admission to
the ED for predicting sepsis in the clinical course, with a sensitivity of 75.00%, specificity of 70.00%,
and an AUC of 0.7286 (95% CI: 0.547 to 0.910; p < 0.034; Table 5 and Figure 4B). Leukocytes showed an
optimal cut-off at 14.50 U/nl, with a sensitivity of 65.63%, specificity of 69.23%, and an AUC of 0.7043
(95% CI: 0.527 to 0.882; p < 0.033; Table 5 and Figure 4C). The heart rate showed an optimal cut-off
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at 102.5/min on admission to the ED for predicting sepsis in the clinical course, with a sensitivity of
86.96%, specificity of 64.29%, and an AUC of 0.6957 (95% CI: 0.490 to 0.902; p < 0.049; Table 5 and
Figure 4E). The respiratory rate showed an optimal cut-off at 15/min, with a sensitivity of 63.64% and a
specificity of 64.29%. The AUC was 0.7029 (95% CI: 0.511 to 0.895; p < 0.043; Table 5 and Figure 4F).

Figure 3. Correlation analysis between TAFI and C5a (A), TAFI and lactate (B), C5a and respiratory
rate (C), and C5a and lactate (D) are shown. r: Pearson coefficient.

Table 5. Receiver-operator curve (ROC) analyses on TAFI, C5a, leukocyte count, lactate level, heart rate,
and respiratory rate at admission to the emergency department to predict the development of sepsis
after polytrauma. Sensitivity and specificity are given as percentage values. Abbreviations: AUC, area
under the curve and CI, confidence interval.

Parameter Cut-Off Value
Sensitivity %

(95% CI)
Specificity %

(95% CI)
AUC (95% CI) p-Value

TAFI [ng/mL] >54857 64.00
(42.52 to 82.03)

87.50
(47.35 to 99.68)

0.7550
(0.585 to 0.925) 0.032

C5a [ng/mL] <17.00 75.00
(55.13 to 89.31)

70.00
(34.75 to 93.33)

0.7286
(0.547 to 0.910) 0.034

leukocytes [U/nL] <14.50 65.63
(46.81 to 81.43)

69.23
(38.57 to 90.91)

0.7043
(0.527 to 0.882) 0.033

lactate [mg/dL] <28.50 78.26
(56.30 to 92.54)

69.23
(38.57 to 90.91)

0.6973
(0.500 to 0.895) 0.052

heart rate <102.5 86.96
(66.41 to 97.22)

64.29
(35.14 to 87.24)

0.6957
(0.490 to 0.902) 0.049

respiratory rate <15.00 63.64
(40.66 to 82.80)

64.29
(35.14 to 87.24)

0.7029
(0.511 to 0.895) 0.043

The results in Figure 5 reflect the dynamic course of both parameters after trauma and sepsis.
The distribution of the TAFI and C5a values in the samples obtained in the ED and subsequent daily
measurements for ten consecutive days show that the TAFI was significantly decreased on admission,
day 2, and on day 9 in the sepsis group compared to the control group without sepsis (p < 0.05;
Figure 5A). On the contrary, the C5a values were significantly increased on admission, days 2–6, and
on day 9 in the sepsis group compared to the control group without sepsis (p < 0.05; Figure 5B).
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Figure 4. Receiver operating curve analyses on TAFI (A), C5a (B), leukocyte counts (C), lactate levels
(D), heart rate (E), and respiratory rate (F) at admission to the emergency department to predict the
development of sepsis after polytrauma are demonstrated. p < 0.05: statistically significant, AUC: area
under the curve, and CI: confidence interval.

Figure 5. Upon admission of severely injured trauma patients (n = 48) to the emergency department
(ED), plasma TAFI levels (A) and plasma C5a levels (B) were determined daily for ten days (D1–D10).
Patients were stratified to those who developed sepsis in their clinical course (sepsis, n = 14) vs. those
who did not develop infectious complications (no sepsis, n = 34). Data are shown as mean ± SEM.
* p < 0.05 sepsis vs. no sepsis at the indicated time.

4. Discussion

Polytraumatized patients who survive the initial post-injury phase are at a serious risk to die from
septic complications during their further clinical treatment [18]. Both the inflammatory/complement
and the coagulation systems contribute to these harmful events. Regarding this, it is important to
note that the cross-talk between the inflammation/complement and the coagulation occurs in both
directions, as coagulation can affect the inflammatory activity as well as inflammation is able to activate
coagulation [14,28,29]. TAFI is a carboxypeptidase B-like proenzyme, which, on the one hand, upon
its activation to TAFIa by the thrombin-thrombomodulin complex inhibits fibrinolysis by removing
C-terminal lysines from fibrin [8,9]. On the other hand, activated complement factors C3a and C5a
can be inactivated by TAFIa [22,30]. The data suggests that TAFI may be a potential link between the
inflammation/complement and the coagulation systems.

In the underlying study, we observed significantly reduced TAFI levels in patients developing
sepsis during their clinical course after polytrauma compared to polytraumatized patients without
septic complications. This difference occurred early upon admission of the patients to the ED. In contrast,
C5a levels were significantly increased in septic patients after polytrauma. A significant negative
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correlation between TAFI and C5a levels was found. In addition, the correlation analyses of TAFI and
C5a with the SOFA score have demonstrated a significant negative correlation of TAFI and a significant
positive correlation of C5a with the SOFA score. These findings enhance markedly the impact of both
TAFI and C5a as biomarkers, which may indicate later-occurring development of the post-traumatic
sepsis. However, whether reduced TAFI levels in septic patients after polytrauma derive from, e.g.,
consumption in the course of coagulopathy or whether initially reduced TAFI levels potentially put
patients at risk for septic complications still remains elusive. It can be speculated that maybe upon
reduced TAFI levels, missing inactivation of C3a and C5a may lead to an immunological imbalance
and an excessive immunological reaction. As nicely reviewed and originally published by the expert
group around Huber-Lang, anaphylatoxin C5a appears in the circulation of humans within 20 min
post-polytrauma, and its levels have been related to the mortality rate [31,32]. That data indicated an
almost synchronical rapid activation and dysfunction of the complement, suggesting a trauma-induced
complementopathy early after injury [32]. Furthermore, the authors suggest that these events may
participate in the impairment of the post-traumatic innate immune response. Within the time latency
between 20 min of the complement activation, as shown by Huber-Lang, and 66 min until admission
of patients to the ED, as shown in our study, certainly, a trauma-induced complementopathy may
have occurred. Thus, levels of both TAFI and C5a may have been different at the onset of trauma,
and we cannot exclude any alterations which may have emerged until the blood sampling in the ED
was performed. Thus, the latency between the timepoint of trauma and sampling in the ED must
be taken into account when interpreting the results. Relja et al. reported elevated TAFI levels in
polytraumatized patients with and without infectious complications but with a significantly higher
increase in both TAFI and TAFIa in patients without infectious complications [14]. This supports the
hypothesis that reduced TAFI levels may increase the risk for the development of septic complications.
In line with these findings, Zeerleder et al. as well reported significantly decreased TAFI levels in
septic patients compared to healthy controls [33]. Interestingly, in our pilot study, we found that TAFI
levels at admission to the ED and at day 4 after the trauma were significantly lower in the smaller
cohort of patients with complications compared to the control group [14]. In that study, we were able
to demonstrate that TAFI levels inversely correlated with the inflammation-associated development of
not-further-defined complications after major trauma. Furthermore, coagulopathic patients, however,
experienced significantly lower levels of activated TAFI on admission and on days six to eight [34].
Based on those results, the finding that TAFI and C5a levels immediately at admission to the ED can
stratify patients who are going to develop sepsis in their clinical course is certainly a promising result
in terms of a search for early sepsis biomarkers. Yet, it remains to be noted that, in our study, we did not
prospectively evaluate the levels of both potential biomarkers and that this remains to be elucidated in
further studies.

Naito et al. investigated the link between C5a and TAFI with regard to acute lung injury and
demonstrated that, in TAFI-deficient mice, LPS treatment induced a more severe acute lung injury
(ALI) compared to wild-type mice [35]. Furthermore, the authors observed significantly higher
concentrations of IL-1beta, TNF-beta, and IL-6, along with increased lung infiltration of neutrophils, in
TAFI-deficient mice [35]. Naito et al. concluded that TAFI plays a critical role in the pathogenesis of
ALI via its ability to regulate the activity of complement factor C5a [35]. Nishimura et al. reported
worse alveolitis in TAFI knock-out mice than in wild-type (WT) mice with C5a instillation directly into
the lungs [36]. In line with these results, we observed decreased TAFI levels and elevated C5a levels in
patients who developed septic complications after polytrauma. More importantly, TAFI correlated
negatively with C5a. Fujiwara et al. investigated the role of TAFI in allergic bronchial asthma and
showed significantly worse airway responsiveness and increased pulmonary concentrations of IL-5
and osteopontin in a TAFI-deficient mouse model [37]. Pretreatment with a C5a antibody significantly
attenuated these effects, and thus, the authors concluded that TAFI plays a protective role in the
pathogenesis of allergic inflammation, probably by inhibiting the complement system [37]. In a model
of inflammatory arthritis (anticollagen antibody–induced arthritis (CAIA)), Song et al. investigated the
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role of TAFI and showed that TAFI deficiency exacerbated inflammatory arthritis and, furthermore,
that the cleavage of C5a by TAFI suppressed the ability of C5a to recruit immune cells to the affected
joint [38]. Interestingly, the authors showed that the expression of both TAFI and C5a in synovial fluid
was higher in patients with autoimmune arthritis than in those with osteoarthritis and concluded that
TAFI plays an important role in attenuating local C5a-mediated inflammation and, thus, represents a
molecular link between inflammation and coagulation in autoimmune arthritis [38].

While the above-mentioned studies all unanimously reported that decreased/lower levels of TAFI
led to aggravated disease severity, Mook-Kanamori et al. showed that higher protein levels of TAFI in
cerebrospinal fluid were significantly associated with systemic complications in patients with bacterial
meningitis [39]. The authors observed survival benefits in TAFI-deficient mice in a pneumococcal
meningitis mouse model as compared to wild-type mice and concluded that, during the initial phase
of infection, a low level or an absence of TAFI results in initially increased complement levels, which
may improve survival (in the animal model) and reduce systemic complications in humans suffering
from bacterial meningitis [39]. Taken together, it still remains elusive whether TAFI acts as an acute
reactant marker that links homeostasis and inflammation or whether a lack of TAFI plays an active role
in the development of septic complications after polytrauma.

Most clinical studies examining anticoagulant effects on thrombo-inflammation have been
performed in the context of sepsis, although some specific examples relevant to ischemia/reperfusion
injuries are also reported. Unfortunately, the data in septic patients in which inhibitors of thrombin
have been applied, as well as their efficiency, are limited [40]. As an example, the overall benefit of
low molecular weight heparin in patients with sepsis remains, despite considerable investigations,
uncertain [40]. Although initial trials with the IV infusion to restore plasma ATIII levels were promising,
larger studies did not provide any benefit for overall mortality, and consequently, Rhodes et al. have
made specific recommendations against the use of ATIII in the updated International Guidelines
for the Management of Sepsis and Septic Shock [40,41]. The use of other anticoagulant agents, e.g.,
recombinant human activated protein C, have failed to consistently demonstrate a reduction in 28-day
all-cause mortality in clinical trials [42]. Currently, soluble recombinant human thrombomodulin
(rhTM) is undergoing clinical evaluation for the treatment of severe sepsis [40]. ART-123, an rhTM,
appears to be a safe intervention in critically ill sepsis patients in phase 2b trials [40,43].

Although this study has several limitations—of those, the most important, the limited sample
size—it must be considered that there is no significant difference between demographic and trauma
characteristics between evaluated groups, which certainly ensures better compatibility of assessed data.
Nevertheless, it has to be taken into account that patients in the sepsis group received significantly more
PRBC during the whole clinical course, while there was no significant difference within the first 24 h
(Table 2). Sadjadi et al. reported that, in trauma patients, infection was associated with the transfusion
of PRBC and that transfused patients had eight times the increased risk of infection independently of
their injury severity [44]. Likewise, Claridge et al. reported a dose-dependent correlation between
transfusions of PRBC and the development of infection in traumatized patients [45]. Based on the
data of our study, we cannot fully exclude an effect of transfused PRBC either on TAFI or on C5a,
and this remains to be elaborated in future works. Although several studies have reported that a
PRBC transfusion can negatively affect clinical outcomes [46,47], it still remains unclear if TAFI is an
acute phase reactant that links hemostasis and inflammation or whether it plays an active role in the
development of post-traumatic sepsis. With regard to the effects of PRBC transfusions on, e.g., the
complement, certain clinical syndromes such as transfusion-related acute lung injury (TRALI) and
transfusion-associated circulatory overload (TACO) that occur within 6 h of blood transfusions indicate
an association [48,49]. The major drivers of those complications and their pathogenesis, however, are
complex and incompletely understood. The potential connection between the complement system and
neutrophils is given, as well as the parallels between these syndromes and other acute pulmonary
disorders, which are known for their involvement of the complement. Yet, similar to TAFI, we cannot
exclude a direct impact of the PRBS transfusion on C5a levels or its activity; however, since the

215



J. Clin. Med. 2020, 9, 1230

transfusion rates within the first 24 h after the trauma did not differ between the septic and nonseptic
group, we believe that the data as demonstrated are plausible. Moreover, C5a levels remain increased
in septic patients nearly throughout the complete observational period, and thus, we believe that this
effect is associated with inflammatory changes caused by sepsis rather than with PRBC transfusions,
which, anyway, were initially not significantly enhanced. However, the increased amount of totally
transfused PRBC in our study must therefore be considered as a disturbing variable by interpreting the
data. Further limitations of the study include the study setting, since this study was conducted in a
single center. In addition, the heterogeneity of the traumatized patients, as well as the variable timing
of measurements, must be carefully considered in data interpretation. Although there were sufficient
measurements made later after the trauma to determine the roles of TAFI and C5a as indicators of
sepsis, a long-term study also including septic patients from other pathologies is necessary, but this
was not the aim of the study.

Early recognition and effective management of patients at risk for infectious complications are
essential for improved outcomes. However, early recognition specifically of post-traumatic sepsis
is impeded by the lack of clinically proven and utilized biomarkers. The current work in clinical
settings has not yielded the requisite gold standards for the diagnosis and monitoring of post-traumatic
sepsis. Yet, identifying patients at risk for the development of sepsis during their clinical course is
of great importance for further clinical treatment. TAFI and C5a may be helpful, specifically in, e.g.,
decision-making about the timing for post-traumatic surgeries or indicate patients that should early
receive antibiotic therapy or undergo further specific clinical tests of sepsis markers. With regard to
complement factors or TAFI as potential biomarkers in general, clinical studies with large subject
numbers are needed to obtain the complete temporal profiles of, e.g., activation of the complement
factors or factor dynamics in the course of sepsis development. Presumably, this should provide a
multipanel set of biomarkers, which can be coupled with routine lab tests and blood cultures for the
diagnosis and monitoring of sepsis.

Taken together, in the underlying study, we were able to show that the development of sepsis
after major trauma is associated with decreased TAFI levels and increased C5a levels. The significant
negative correlation between TAFI and C5a supports the concept that reduced TAFI levels may lead to
an exacerbation of septic complications and that TAFI might play a protective role by downregulating
inflammation. Furthermore, irrespective of their possible pathomechanistical roles in the onset of
sepsis, both TAFI and C5a might serve as very early diagnostic markers to detect patients at risk for
the development of sepsis or septic complications.
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Abstract: Objective: Severely injured patients frequently develop an immunological imbalance
following the traumatic insult, which might result in infectious complications evoked by a
persisting immunosuppression. Regulatory T cells (Tregs) maintain the immune homeostasis
by suppressing proinflammatory responses, however, their functionality after trauma is unclear.
Here, we characterized the role of Tregs in regulating the proliferation of CD4+ lymphocytes
in traumatized patients (TP). Methods: Peripheral blood was obtained daily from 29 severely
injured TP (Injury Severity Score, ISS ≥16) for ten days following admission to the emergency
department (ED). Ten healthy volunteers (HV) served as controls. The frequency and activity
of Tregs were assessed by flow cytometry. Proliferation of CD4+ cells was analyzed either in
presence or absence of Tregs, or after blocking of either IL-10 or IL-10R1. Results: The frequencies
of CD4+CD25high and CD4+CD25+CD127− Tregs were significantly decreased immediately upon
admission of TP to the ED and during the following 10 post-injury days. Compared with HV CD4+

T cell proliferation in TP increased significantly upon their admission and on the following days.
As expected, CD4+CD25+CD127− Tregs reduced the proliferation of CD4+ cells in HV, nevertheless,
CD4+ proliferation in TP was increased by Tregs. Neutralization of IL-10 as well as blocking the
IL-10R1 increased further CD4+ T cell proliferation in Tregs-depleted cultures, thereby confirming an
IL-10-mediated mechanism of IL-10-regulated CD4+ T cell proliferation. Neutralization of IL-10 in
TP decreased CD4+ T cell proliferation in Tregs-depleted cultures, whereas blocking of the IL-10R1
receptor had no significant effects. Conclusions: The frequency of Tregs in the CD4+ T lymphocyte
population is reduced after trauma; however, their inductiveness is increased. The mechanisms
of deregulated influence of Tregs on CD4+ T cell proliferation are mediated via IL-10 but not via
the IL-10R1.
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1. Introduction

With an incidence of 10%, trauma represents one of the most common causes of death worldwide,
and it remains the leading cause of death in young patients (<40 years of age) [1,2]. The most frequent
causes of post-traumatic mortality which occurs within the first 72 h after the insult are caused by
severe injuries to the central nervous system and/or hemorrhagic shock due to a significant blood
loss. On the contrary, late post-injury mortality is often caused by secondary complications including
sepsis, acute respiratory distress syndrome, and/or multiple organ dysfunction syndrome [3–5]. In the
past, significant improvements in pre-clinical and clinical treatment strategies slightly reduced the
post-traumatic mortality, particularly by addressing hemorrhagic shock, however, the rate of multiple
organ failure induced by infectious complications has increased [5,6].

The multifactorial biological response to tissue injury after severe trauma triggers an
uncontrolled inflammatory reaction. Endogenous damage-associated molecular patterns as well
as pathogen-associated molecular patterns activate effector cells of the innate immunity [7–13].
In parallel, a counterbalancing anti-inflammatory response syndrome (CARS) can develop [12,14].
Thus, traumatized patients remain at risk for the development of a persistent inflammation,
immunosuppression and catabolism syndrome (PICS) [15]. Neither cellular nor humoral mechanisms
of the post-traumatic immunosuppression are fully understood. Depending on the prevailing cytokine
milieu T cells develop either into the proinflammatory TH1 or the anti-inflammatory TH2 cell type.
IL-10 and its inhibitory potency have been associated with a TH1/TH2 shift, which seems to be mediated
by regulatory T cells (Tregs) [16–19]. In 1995, Sakaguchi et al. identified a subpopulation of CD4+ T
cells in mice that continuously expressed the α-chain of the IL-2 receptor (CD25) [20]. These Tregs can
also be defined by the absence of the α-chain of the IL-7 receptor (CD127) [21,22] and by the expression
of the transcription factor Forkhead box (Fox)P3 [23]. In the field of trauma research, different
combinations mainly of the cellular surface markers have been applied to detect Tregs, however,
a unified definition of Tregs according to their antigen expression has not been found yet [24,25].
With regard to their functions, it is known that Tregs can modulate and kill antigen presenting cells
as well as effector T cells, and thus, that they may affect both innate and adaptive immunity [26]. It
was demonstrated that the activity and percentage of Tregs were increased after trauma, but that their
absolute numbers were reduced [25,27]. Interestingly, it was shown that anti-inflammatory cytokine
IL-10 increased significantly in septic patients [28–30]. Stratifying major surgical patients to those
who develop sepsis versus those without complications has uncovered that the last had significantly
reduced IL-10 levels [31]. Aligned with these findings, IL-10 levels were elevated in traumatized
patients with complications compared to those without complication [32]. Taken together, previous
reports suggest that IL-10 is critically involved in immunosuppression following trauma, and further,
that it is associated with the occurrence of post-traumatic complications. While the production of IL-10
by CD4+CD25+ cells was significantly reduced, the IL-10 production by Tregs was increased after
trauma [24]. Thus, it appears reasonable that both IL-10 and Tregs play significant roles in the onset of
post-traumatic immunosuppression. Yet, whether the inhibition of T cell-mediated inflammation is
potentially regulated by Tregs or IL-10 itself deriving from other cells still remains unclear. However, to
prevent infectious complications in traumatized patients, it is crucial to understand the mechanistical
background of the post-traumatic immunosuppression.

2. Experimental Section

2.1. Ethics

This study was performed in the University Hospital of the Goethe-University Frankfurt with
institutional ethics committee approval (312/10) in accordance with the Declaration of Helsinki and
following the Strengthening the Reporting of Observational Studies in Epidemiology guidelines [33].
All enrolled patients or their legally authorized representative and all healthy volunteers signed the
written informed consent form.
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2.2. Study Setting and Population

Twenty-nine severely injured traumatized patients (TP) between 18 and 80 years of age with
an Injury Severity Score (ISS) ≥16 were enrolled into this study immediately at admittance to the
emergency department (ED). Inclusion criteria covered acute blunt or penetrating trauma. Exclusion
criteria were pre-existing immunological disorders, HIV, infectious hepatitis, immune-suppressive
medication, acute myocardial infarction, burns and/or thromboembolic events. Ten healthy volunteers
served as controls.

2.3. Study Protocol

At admittance to the ED all TP were treated according to the polytrauma guidelines. Vital
parameters were recorded. The ISS was determined based on the Abbreviated Injury Scale [34,35] of
the six body regions. The sum of the squares of the three most severely injured body regions was
applied to generate the overall injury severity (ISS).

2.4. Blood Sampling

Blood samples were taken as early as possible after admittance of the patient to the ED and daily
for the following ten days between 7 and 11 a.m. Blood was withdrawn in ethylenediaminetetraacetic
acid (EDTA) tubes (Sarstedt, Nürmbrecht, Germany) and kept either at room temperature for functional
assays or on ice for flow cytometric analyses.

2.5. Analyses of Cell Surface Receptors

After the blood samples (100 μl) were transferred into polystyrene Falcon tubes (BD PharMingen,
San Diego, CA, USA), they were diluted with 395 μl RPMI 1640 (Gibco) and finally 5 μl of the leukocyte
activation cocktail (LAC, BD PharMingen, San Diego, CA, USA) were added. The samples were
incubated for 5 h at 37 ◦C and 5% CO2. Corresponding samples without stimulation served as controls.
Centrifugation continued at 400× g for 5 min and the supernatants were removed. One hundred
microliters of the Fix & Perm Solution A (Fix & Perm (R) ADG-GAS-002) for the intracellular staining
were added. After 15 min at room temperature, cells were washed with phosphate-buffered saline
(PBS), and centrifugation step followed at 400× g for 5 min. The supernatants were removed and
100 μL of the Fix & Perm Solution B were added. The samples were incubated for 30 min at room
temperature in the dark with mouse anti-human CD4 Brilliant Violett (Clone RPA-T4, BD Bioscience,
San Diego, CA, USA), mouse anti-human CD127 PerCP-Cy5.5 (Clone HIL-7R-M21, BD Bioscience,
San Diego, CA, USA), mouse anti-human CD25 APC-Cy7 (Clone BC 96, BD Bioscience, San Diego,
CA, USA), and mouse anti-human FoxP3 PE-Cy7 (Clone PCH101, BD Bioscience, San Diego, CA,
USA) antibodies. Subsequently, 2 mL of the FACS lysing solution (BD PharMingen, San Diego, CA,
USA) were added for additional 10 min. Then samples were washed twice with FACS buffer (PBS
supplemented with 0.5% bovine serum albumin, BSA). Supernatants were removed, cells were diluted
in 300 μl FACS buffer and immediately subjected to flow cytometric analyses with a BD FACS Canto II
using a FACS DIVA software (BD, San Diego, CA, USA). The lymphocytes were defined by gating CD4+

cells in the corresponding forward and side scatter scan. Positively gated cells were determined by
their absolute cell numbers and the percentage of the selected parietal cell population were measured.
Gating strategy is shown in Figure 1.
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Figure 1. Gating strategy for the flow cytometric analysis. (A): Gating of the lymphocyte fraction in
peripheral blood according to the forward and side scatter. (B): Gating for the detection of CD4+CD25+

cells. (C): Gating of the lymphocytes according to their CD4 and CD25 expression and subsequently of
CD127 and FoxP3 expressing cells.

2.6. Isolation of CD4+ Cells Including Tregs

CD4+ leukocytes were isolated using Ficoll density gradient centrifugation (Ficoll solution,
1.077 g/mL; Biochrom GmbH, Berlin, Germany) at 800× g for 20 min at room temperature without
break. Then, the mononuclear cell layer in the interface was removed and cells were washed twice with
MACS buffer (PBS + BSA 0.5% + EDTA 2 mM). Leukocytes were isolated by negative selection using a
Biotin-Antibody-Cocktail including CD8a, CD14, CD15, CD16, CD19, CD36, CD56, CD132, TcRγ/δ,
and CD235a (CD4 T-cell Isolation Kit, Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. Also, CD71 and CD8 were removed by using CD71 and CD8 MicroBeads
(Miltenyi Biotec Bergisch Gladbach, Germany). Subsequently, cells were applied for the proliferation
assay of CD4+ cells including Tregs.

2.7. Isolation of CD4+ Cells without Tregs

After their isolation, CD4+ cells were incubated with CD127 MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) for negative selection. CD4+CD127+ cells were removed from the column
and placed on ice. Briefly, Tregs were isolated by incubating the CD4+CD127− cells with CD25
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) by positive selection. The flow through
with CD4+CD127−CD25− cells constituted with pre-gained CD4+CD127+ cells the CD4+ leukocyte
population without Tregs.
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2.8. Proliferation of Lymphocytes in a CD4+ Culture with and without Tregs

Following their isolation, CD4+ T cells with Tregs as well as CD4+ T cells without Tregs were
immediately used for experiments. 50,000 cells were diluted in 200 μl RPMI-1640 (with supplements
of penicillin-streptomycin, gentamycinsulfate, and heat inactivated FBS) and seeded in 96-well plates
(BD Biosciences, Franklin Lakes, NJ, USA). Previously, the wells were coated with anti-CD3 (2 μg/mL,
BD PharMingen, Heidelberg, Germany) for 24 h at 4 ◦C. For co-stimulation of T cells, anti-CD28 (100
μg/mL, BD PharMingen, San Diego, CA, USA) was applied at the experimental day. IgG1κ Isotype
Control Purified and NA/LE Mouse 107.3 were used as corresponding isotype controls (BD PharMingen,
San Diego, CA, USA). For IL-10 neutralization or IL-10 receptor blocking, anti-IL-10 (JES3-19F1) or
anti-IL10-receptor (3F9, 500 μg/mL, BD Bioscience, San Diego, CA, USA) antibodies were added. IgG2a
Isotype Control Purified NA/LE Rat R35-95 antibody was used as control (BD PharMingen, San Diego,
CA, USA). After 24 h at 37 ◦C and 5% CO2 100 μl of the culture medium were replaced and either the
anti-IL-10 or the anti-IL10-receptor antibody were added again. After 48 h supernatants were removed
and cells were treated with the BrdU labeling solution (Cell Proliferation ELISA BrdU, La Roche, Basel,
Switzerland) according to the manufacturer’s instructions. The proliferation rates were detected by
measuring the colorimetry using a Tecan microplate reader and Magellan software.

2.9. Statistical Analysis

GraphPad Prism 6.0 software (GraphPad Software Inc. San Diego, CA, USA) was used to perform
the statistical analysis. Data are given as mean ± standard error of the mean (SEM) or as absolute
cell numbers calculated in percent. A Student’s t-test with Welch correction and one-way analysis of
variance (ANOVA) with a Dunn post-hoc test was used for comparisons among the groups. A p value
below 0.05 was considered statistically significant.

3. Results

3.1. Main Findings

3.1.1. Study Population

Twenty-nine patients with severe trauma (TP) and 10 healthy volunteers (HV) were enrolled in this
study. The mean age of the patients was 44.6 ± 2.3 versus 37.6 ± 1.7 years of age. Seventy-five percent
of patients were male. All patients were substantially injured with an ISS of 30.3 ± 2.3. The mean stay
in the intensive care unit was 9.7 ± 2.6 days, and the total duration of the in-hospital stay was 19.3 ± 3.4
days. The data is comparable to mean values of the multiply injured trauma patients as demonstrated
before [36,37].

3.1.2. Frequencies of Differentially Defined Tregs after Trauma

Of all CD4+ lymphocytes from HV, 6.9% had low CD25 expression. TPs had significantly lower
percentage of CD4+CD25+/low lymphocytes in total leukocyte population at admission to the ED
compared to ctrl (p < 0.05, Figure 2A), and this difference persisted during the complete observational
time course (Figure 2A). LAC stimulation increased significantly the presence of CD4+CD25+/low in HV
to 12.9% compared to unstimulated samples from ctrl (p < 0.05). The low presence of CD4+CD25+/low

cells in TP was significantly enhanced after LAC stimulation compared to unstimulated samples
from TP during the complete observational course (p < 0.05). Upon stimulation, the presence of
CD4+CD25+/low increased significantly compared to unstimulated samples over the ten days course
and remained in the range of stimulated samples from HV (Figure 2A).
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Figure 2. Whole blood from healthy volunteers (ctrl, n = 10, clear symbols) or major trauma patients
(TP, n = 29, black symbols) was analyzed by flow cytometry over a 10-day time course after admission
(emergency department, ED-10). Regulatory T cells (Tregs) were detected using anti-human CD4 and
CD25 in the corresponding side and forward scatter. Unstimulated (square) and stimulated (circle, stim)
cells were measured. Data are shown as mean ± SEM percentage of lymphocytes. (A): CD4+CD25+/low

Tregs to CD4+ lymphocytes; (B): CD4+CD25+/high Tregs to CD4+ lymphocytes; (C): CD4+CD25+CD127−
Tregs to CD4+ lymphocytes; (D): CD4+CD25+FoxP3+ Tregs to CD4+ lymphocytes. p < 0.05 * vs.
indicated #; unstimulated TP vs. unstimulated crtl $; stimulated TP vs. unstimulated TP.

The proportion of CD4+CD25+/high cells was significantly reduced compared to ctrl immediately
upon admission to the ED and remained diminished during the complete observational period
(Figure 2B). In vitro stimulation increased significantly the proportion of CD4+CD25+/high cells
compared with unstimulated samples in both groups. Upon stimulation at post-injury day 7,
the presence of CD4+CD25+/high cells in TP was significantly enhanced compared to stimulated
samples from ctrl (Figure 2B).

During the whole observational period, the ratio of CD4+CD25+CD127− cells to total CD4
lymphocytes remained significantly lower in TP compared to ctrl (p < 0.05, Figure 2C). After the in vitro
stimulation with LAC, CD4+CD25+CD127− cells increased significantly in both TP and ctrl compared
to the corresponding unstimulated samples (p < 0.05, Figure 2C).

During the whole observational period of ten days, the ratio of CD4+CD25+FoxP3+ cells to total
CD4 lymphocytes remained significantly lower in TP compared to ctrl (p < 0.05, Figure 2D). After
the in vitro stimulation with LAC, CD4+CD25+FoxP3+ cells increased significantly in both TP and
ctrl compared to the corresponding unstimulated samples (p < 0.05, Figure 2D). Upon stimulation at
post-injury days 7, 9, and 10, the presence of CD4+CD25+FoxP3+ cells in TP was significantly enhanced
compared to stimulated samples from ctrl (p < 0.05, Figure 2D).
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3.1.3. Proliferation of CD4+ Cells Depending on Tregs

Depletion of Tregs out of the CD4+ lymphocyte population significantly increased the CD4+ T cell
proliferation compared to CD4+ cells which still contained the Tregs fraction (p < 0.05, Figure 3A).

 
Figure 3. CD4+ T lymphocytes were isolated from healthy volunteers (ctrl) or major trauma patients
(TP) and depleted from regulatory T cells (Tregs) over a 10-day time course after admission (emergency
department, ED-10). (A): The proliferation rates in absolute cell numbers of CD4+ cells with (+) and
without (−) Tregs in healthy volunteers and in (B): severely traumatized patients is shown. Data are
shown as mean ± SEM. p < 0.05 *; +Tregs vs. −Tregs.

The proliferation rate of CD4+ cells containing the Tregs fraction was significantly enhanced in
TP during the whole observational period compared to ctrl (p < 0.05). Immediately at admission of
the TP to the ED as well as during the first four post-injury days, depletion of Tregs out of the CD4+

lymphocyte population significantly decreased the CD4+ T cell proliferation compared to CD4+ with
Tregs (p < 0.05, Figure 3B).

3.1.4. Tregs-Mediated Proliferation of CD4+ Cells Depends on IL-10

The proliferation rate of CD4+ lymphocytes depleted from Tregs was significantly increased
compared to the co-culture of CD4+ cells and Tregs in HV ctrl (p < 0.05, Figure 4). The proliferation
rate of CD4+ lymphocytes depleted from Tregs was significantly decreased compared to the co-culture
of CD4+ cells and Tregs in TP at admission to the ED (p < 0.05, Figure 4).

To determine the infuence of IL-10 on the Tregs regulated proliferative behavior of CD4+ cells,
either IL-10 was neutralized or the IL-10R1 has been blocked. In the ctrl group, both neutralization
of IL-10 as well as blocking the IL-10R1 in Tregs-depleted CD4+ cultures increased further and
significantly the proliferation rates compared to the proliferation rate of the Tregs depleted CD4+ culture
(p < 0.05). No significant differences in proliferation were observed between the IL-10-neutralized or
IL-10R1-blocked Tregs-depleted CD4+ cells in ctrl (Figure 4). Furthermore, the control experiments with
CD4+ cells containing Tregs population and undergoing both IL-10 as well as IL-10R1 neutralization
show that Tregs apparently suppress the T cell proliferation by direct cell contacts, since the results
were comparable to proliferation rates from the untreated controls without Tregs depletion. However,
considering the above described results, both IL-10 or IL-10R1 do play a suppressive role in T cell
proliferation under control conditions.
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Figure 4. The proliferation rates in absolute cell numbers of CD4+ cells with (+) and without (−)
regulatory T cells (Tregs) in healthy volunteers (ctrl, n= 10) and severely traumatized patients (TP, n= 25)
as well as depending on IL-10 neutralization (aIL-10) and IL-10 receptor blockade (aIL-10R1) is shown.
Data are shown as mean ± SEM. p < 0.05 * vs. indicated.

Significantly increased proliferation rate of CD4+ lymphocytes including Tregs versus
Tregs-depleted CD4+ cells in TP was significantly decreased upon the neutralization of IL-10 (p < 0.05,
Figure 4). There was no difference in the proliferation rate between Tregs-containing CD4+ cell culture
with IL-10 neutralization and Tregs-depleted CD4+ cell culture without IL-10 neutralization in TP.
Nevertheless, the proliferation rate in Tregs-depleted CD4+ cell culture with IL-10 neutralization was
significantly reduced compared to Tregs-depleted CD4+ cell culture in TP at ED (p < 0.05, Figure 4).
The data indicate that IL-10 can reduce the CD4+ lymphocyte proliferation irrespective of the presence
of Tregs in the cell culture in TP at ED.

Significantly increased proliferation rate of CD4+ lymphocytes including Tregs versus
Tregs-depleted CD4+ cells in TP was not changed upon blocking of the IL-10R1 in TP at ED (Figure 4).
These data indicate that IL-10R1 does not mediate the effects on the CD4+ lymphocyte proliferation in
TP at ED which were induced by Tregs.

Briefly, the proliferation rate of Tregs-depleted CD4+ lymphocytes was statistically comparable
between ctrl and TP (Figure 4). However, while the neutralization of IL-10 in Tregs-depleted CD4+

lymphocytes significantly increased the proliferation rate in ctrl, the same approach significantly
reduced the proliferation of Tregs-depleted CD4+ lymphocytes in TP at ED (p < 0.05, Figure 4).

While blocking of the IL-10R1 in Tregs-depleted CD4+ lymphocytes significantly increased the
proliferation rate in ctrl (p < 0.05), the same experimental approach resulted in comparable results in
cells which were obtained from TP at ED, although the last was not significant (Figure 4).

4. Discussion

Aim of the present study was to phenotype Tregs after polytrauma and to determine their ratio
in the cellular fraction of CD4+ lymphocytes over an observational period of ten post-injury days.
In addition, the underlying mechanism of Tregs-modulated proliferation of T cells via IL-10 or the
IL-10 receptor, respectively, were elaborated after polytrauma.

Particularly the functions of CD4+ T cells, which are essential for an effective defense against
invading pathogens after trauma are reduced during CARS or PICS [15]. Thus, this immunological
imbalance might result in serious complications, sepsis and (multiple) organ failure in the later
post-injury phase. T cell suppression was associated with an increased rate of complications as well as
enhanced mortality rates after severe injury [32]. Interestingly, an increased number of Tregs, which can
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inhibit T cell proliferation and their functions via IL-10 as well as increased IL-10 levels were associated
with the development of post-traumatic complications and mortality [25,38–40]. A reduced number
of Tregs with their increased activity after trauma were reported [27]. Previous studies report an
increased proportion of Tregs in the CD4+ T cell population after polytrauma [24]. Still, there is a lack
of continuous follow-up studies regarding the frequency of Tregs in the CD4+ T cell population and a
comparison of the differentially and still inconsistently defined Tregs populations after polytrauma.
Besides, it is also unclear whether Tregs exerts their inhibiting effects on the proliferative capacity
of CD4+ lymphocytes via IL-10 after severe injury. There are suggestions that Tregs inhibit T cell
proliferation via TGF-β and IL-10 [39,41]. However, other studies propose that Tregs inhibit T cell
proliferation via direct cell contacts independently of IL-10 [42]. Our control experiments also show
that Tregs apparently suppress the T cell proliferation by direct cell contacts as already demonstrated
by Levings et al. [42]. Although the authors suggest that Tregs inhibit T cell proliferation via direct
cell contacts independently of IL-10, in our study both IL-10 or IL-10R1 do play a suppressive role
in T cell proliferation under control conditions. Despite the depletion of Tregs, neutralization of
both IL-10 as well as IL-10R1 further increased T cell proliferation. On the contrary, the suppressive
activity of Tregs on T cell proliferation might not be triggered by direct cell contacts. Under traumatic
conditions depletion of Tregs reduced T cell proliferation, which is a paradox in their natural and
characteristic functions. In line with this, the presence of Tregs increased T cell proliferation. Blocking
IL-10 in presence of Tregs reduced proliferation, though a depletion of Tregs with IL-10 blocking further
decreased T cell proliferation. In summary, the direct proliferation-suppression which is observed
under control conditions in healthy volunteers appears to be deregulated in trauma, and in this setting,
IL-10 may be involved in the changed functionality of Tregs. Since IL-10R1 blockade under traumatic
conditions has provided comparable results to healthy volunteers, the data suggest that the receptor
exerts its functions. Thus, the results propose that the cell contact dependent suppression of T cell
proliferation via Tregs may be closely linked to IL-10, and furthermore, that it may be associated with
its unknown functions under traumatic conditions. Thus, the impact of Tregs on the T cell proliferation
in polytraumatized patients and potential role of IL-10 still remain unknown.

MacConmara et al. examined the distribution and activation markers of Tregs in the lymphocyte
population using peripheral blood from 19 polytraumatized patients (ISS: 36.6 ± 13.9) within 24 h
after admission to the emergency department and after 7 days [24]. In contrast to the results of our
study, the proportion of CD25-expressing cells immediately after trauma was comparable to healthy
volunteers. At day 7, the proportion of CD25+ cells and CD25+/high cells increased significantly, data
that were not confirmed by our study since we did not observe an increase in the CD25+ population.
On the contrary, this specific population was reduced immediately at admission and during the
ten post-injury days. However, the ex vivo in vitro stimulation induced Tregs. In the paper by
MacConmara et al., the higher injury severity of their patients with enhanced complication rates may
have induced these cells.

Hein et al. demonstrated that the absolute number of CD4+CD25+CD127- Tregs decreased
immediately after a septic shock, but their proportion out of CD4+ cells remained the same compared
to healthy volunteers [25]. After 3 days, however, both the proportion and their absolute number
increased. One week later, the absolute number of Tregs was comparable to healthy volunteers, but
their percentage remained elevated due to the severe lymphopenia in septic patients [25]. In our
study, there was a significant decrease of CD4+CD25+CD127− and CD4+CD25+/high Tregs already at
admission to the emergency department which persisted for the following 10 days. The data from Hein
et al. demonstrated that lymphopenia was more pronounced in septic patients compared to non-septic
patients, which actually have been mainly analyzed in our study. This might explain why the percentage
of Tregs in our work was lower. Thus, based on the current literature, Tregs do have an important but not
yet profoundly characterized role during the post-traumatic inflammation. They may be an important
determinant of both extent and severity of the post-traumatic immunosuppression [18,43]. Since most
patients dying from severe clinical problems including sepsis show signs of immunosuppression [44],
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there are reasonable suggestions that Tregs play an important role in the development of infectious
complications after trauma. It has been demonstrated that both their number and functions increase
following the onset of severe sepsis or septic shock [43]. In burn trauma models it has been shown
that severe burn injury per se could change Tregs activities. As demonstrated by increased levels
of cytokines produced by those cells and their activation markers, they might play an important
role in the pathogenesis of sepsis as well as mortality in patients suffering from burn injuries [45].
Recently, Kramer et al. have demonstrated that the depletion of Tregs attenuated T cell brain infiltration,
reactive astrogliosis, interferon-γ gene expression, and transiently motor deficits in murine acute
traumatic brain injury [46]. Thus, the current literature does suggest that regulatory T cells contribute to
post-traumatic complications, however, in our study only two patients during their stay in the intensive
care unit have been diagnosed with sepsis. It is not possible to perform any statistical evaluations
based on two patients, and therefore, further studies with a larger number of septic patients after
trauma are required to clarify the importance of Tregs in post-traumatic sepsis.

Interestingly, our results are comparable to data obtained from a trauma model in rats consisting of
a bilateral femoral fracture and hemorrhagic shock [47]. Four hours after trauma induction, the number
of CD4+CD25+/highFoxP3+ Tregs in peripheral blood was significantly lower compared to controls.
In addition, the number of Tregs correlated negatively with the histological extent of injury severity [47].

When interpreting our data regarding the cell phenotype, we must indicate the application of
LAC with Phorbol 12-Myristate 13-Acetate (PMA) and a calcium ionophore Ionomycin (PMA/Iono)
for stimulation, which is commonly used for the detection of intracellular accumulations of cytokines
by intracellular staining. Although the applied PMA/Iono stimulation is mainly utilized to elicit
a primary cytokine response or intracellular proteins from T cells, its use does also activate
Tregs. In line, Wang et al. have shown that regulatory T cells of the CD4+CD25+FoxP3+CD127−
phenotype were inducible by PMA/Iono stimulation [48]. This phenotype is comparable to those
that have been detected in our study. Although CD3CD4 expression was suppressed by PMA/Iono,
the proportion of CD4CD25FoxP3CD127 increased after PMA/Iono stimulation as shown by Wang
et al. [48]. In addition, this data demonstrates that polyclonal stimulation using PMA/Iono can
induce CD4CD25FoxP3IL-2 Treg in vitro. Another study described four phenotypically determined
regulatory T cell phenotypes in peripheral blood lymphocytes, which were commonly characterized
as CD4+CD25high, CD4+CD25highFoxP3+, CD4+CD25highCD127−, or CD4+CD25highFoxP3+CD127−
cells were increased upon PMA/Iono stimulation [49]. Importantly, PMA/Iono can also reduce antigen
surface expression and specifically CD4 expression as demonstrated by Wang et al. and others [50–52].
Importantly, it has also been shown that the proportion of FoxP3+CD127- peripheral blood lymphocytes
increased with the quantity of CD25 on stimulated CD4+ peripheral blood lymphocytes, and was
highest in CD25high peripheral blood lymphocytes, emphasizing the relevance of CD25high as regulatory
T cell marker [49]. Briefly, the data show that although CD3CD4 expression is suppressed by PMA/Iono,
the proportion of CD4CD25FoxP3CD127 increases after PMA/Iono stimulation. These data as well
as considering that the ratio of regulatory T cells to lymphocytes specifically expressing CD4 was
evaluated in our study, the approach is reasonable. However, PMA/Iono as the standard polyclonal
stimulus for T cell and inducible Treg [53] down-regulating CD4 expression quickly and severely must
be considered as an important disadvantage for certain studies requiring separation of regulatory T
cells. This was considered in our methodological settings, and therefore, Tregs have been separated
from the T cell population before any stimuli were applied.

A post-traumatic anergy of CD4+ T cells with their reduced numbers and activity has been
described. Interestingly, despite CD3/CD28 stimulation, T cells isolated from severely injured patients
with multiple organ dysfunction syndromes were not able to proliferate post-traumatically. In the
present study, however, a significant post-traumatic increase in CD4+ T cell proliferation was observed.
Only by depleting Tregs from the CD4+ T cell population reduced their proliferative capacity after
trauma. With regard to the post-traumatic CD4+ T cells anergy, it must be considered that no distinction
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was made between different T cell subgroups, and thus, only certain CD4+ T cell subsets may have
shown post-traumatically altered proliferation.

Beacher-Allan et al. have shown that the suppressive properties of CD4+CD25+/high Tregs and the
suppressed proliferation depended on the concentration of the applied stimulant [38]. In summary,
Tregs have a contrary effect on T cell proliferation in trauma patients compared to healthy volunteers.
This effect may be caused by an altered functionality of Tregs or by an altered effect of Tregs-associated
cytokines on CD4+ T cells. IL-10 mediated inhibition of T cells mainly leads to the inhibition of TH1
cells and their pro-inflammatory cytokines such as IFN-γ [54]. Waal Malefyt et al. demonstrated that
although T cell proliferation was stimulated by monocytes, IL-10 significantly inhibited the proliferation
depending on its concentration [55]. Our results show that the inhibitory effect of Tregs on T cell
proliferation can be eliminated by IL-10 neutralization in healthy volunteers. Taken together, the data
suggests that Tregs may exert their inhibitory effects on T cell proliferation via IL-10, contradicting
the assumption that Tregs act independently of IL-10. In trauma patients, increased IL-10 levels
were associated with enhanced complication rates of sepsis, CARS and increased mortality [28,29].
Remarkably, our data indicate that IL-10 exerted proliferation-increasing effects, since its neutralization
reduced proliferation rates after trauma. This intriguing observation in Tregs depleted CD4+ cultures
may have been caused by other proliferation-inhibiting CD4+ T cell types that potentially produced
IL-10. Our results suggest that Tregs inhibit T cell proliferation via IL-10. However, IL-10 mainly affects
TH1 cells rather than TH2 and in trauma there are reports suggesting a shift of TH1 towards TH2 cells.
This may explain why Tregs cannot affect T cell proliferation after trauma to the same extent as in
healthy individuals.

With regard to the functions of IL-10 receptor in polytraumatized patients, there are only sparse
data in the literature. Wang et al. described that the continuous IL-10R blockade in spleen cells of
infected mice significantly increased the IL-10 concentration compared to healthy mice [56]. In addition,
IL-10R blockade increased the secretion of pro-inflammatory cytokines, reduced the survival time as
well as the amount and efficacy of Tregs [56]. However, we did not observe any significant differences
in proliferative capacity after receptor blockade. The proliferation-increasing effect induced by Tregs
after trauma was detectable despite blocking the IL-10 receptor. Thus, blocking the IL-10 receptor does
not result in the same effects as IL-10 neutralization in traumatized patients. To define the exact role of
IL-10 and its receptor in Tregs after polytrauma further in vivo studies will be required.

Limitations of this study certainly include the confined number of traumatized patients that have
been involved. In addition, only two patients developed septic complications during their stay in
the intensive care unit and two patients died. This kind of study utilizes medical personnel as well
as costs to a great extent, since the development of post-traumatic complications is not predictable,
and thus all patients must be included prospectively in the analyses before they develop complications.
Thus, clarifying the specific role of Tregs as well as their altered functions in sepsis development or
mortality after polytrauma must be elaborated in larger studies in future. Also, further in vivo studies
to evaluate the mechanistical and pathophysiologal role of IL-10 as well as assessing of potential
therapeutic targeting strategies in this setting are necessary. Besides, with regard to the definition
of Tregs in general, so far, no consensus was reached on the use of a specific set of markers when
identifying Tregs in human and mice. We have chosen CD25 to stratify the different phenotypes and
their dynamics, yet, it remains to be noted that we did not evaluate the direct immunosuppressive
activity and functionality of different phenotypes, and that this remains to be elucidated in further
studies as well.

Taken together, both regulatory T cells as well as IL-10 have different effects on CD4+ T cell
proliferation after trauma compared to healthy controls. Here, Tregs-induced CD4+ T cell proliferation
after trauma may be mediated by IL-10. On the contrary, IL-10 receptor does not appear to be directly
involved in those effects of Tregs after trauma. The potential involvement of another receptor for IL-10
remains to be elaborated in further studies.
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Abstract: Purpose: The purpose of this study was to present the results of arthroscopy-assisted
corrective osteotomy (AACO), reduction, internal fixation, and strut allograft augmentation for tibial
plateau malunion or nonunion. Methods: Fifty-eight patients, mean age 49± 11.9 years old, with tibial
plateau malunion (n = 44) or nonunion (n = 14), were included in this study. There were 19 Schatzker
type II fractures (32.7%), 2 type III fractures (3.4%), 7 type IV fractures (12%), 20 type V fractures
(34.5%), and 10 type VI fractures (17.2%). The mean follow-up period was 46.2 ± 17.6 months. Clinical
and radiologic outcomes were scored by the Rasmussen system. Articular depression was measured
from computed tomography. Secondary osteoarthritis was diagnosed when radiographs showed
a narrowed joint space in the injured knee at follow-up. Results: Mean clinical score improved
from 15.4 ± 3.9 (pre-revision) to 23.2 ± 4.5 (post-revision). Mean radiologic score improved from
7.7 ± 2.5 (pre-revision) to 12.0 ± 3.9 (post-revision). Fifty-six fractures achieved successful union.
The average union time was 19.6 ± 7.5 weeks. Post-revision, 81% had good or excellent clinical
results and 62% had good or excellent radiological results. Secondary osteoarthritis (OA) was noted
in 91% of all injured knees, where 25.8% were mild OA, 25.8 % were moderate OA, and 38% were
severe OA. There were 6 cases of deep infection (10.3%) and 1 case of wound edge necrosis (1.7%).
Five cases were converted to total knee replacement after the index surgery with an average period of
13.5 months (range 8–24 months). Conclusions: Arthroscopy-assisted corrective osteotomy, reduction,
internal fixation, and strut allograft augmentation can restore tibial plateau malunion/nonunion with
well-documented radiographic healing and good clinical outcomes.

Keywords: Arthroscopy-assisted corrective osteotomy; tibial plateau malunion; tibial plateau
nonunion

1. Introduction

Management of tibial plateau fractures is challenging. Malreduction, improper fixation, neglected
intra-articular lesions, and inadequate management of bone defects lead to the failure of surgical
treatment [1–5]. Traditionally, open corrective osteotomy with bone grafting is the standard of care
following malunion [2,4–9]. However, arthrotomy with wide soft tissue dissection may have the higher
incidence of complications and longer recovery time for the patient [2,4,5,9].
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The advantage of arthroscopically-assisted osteosynthesis of fractures of the tibial plateau
are direct visualization of intra-articular fractures, accurate fracture reduction, reduced morbidity
in comparison with arthrotomy, simplified diagnosis and treatment of meniscal and ligamentous
injuries, thorough-joint lavage, and removal of loose fragments [10–16]. Good early to medium-term
results of arthroscopically-assisted osteosynthesis of tibial plateau fractures have been reported
previously [10,11,17–20]. The purpose of this study was to present the radiological and clinical results
of tibial plateau malunion or nonunion treated with arthroscopically-assisted corrective osteotomy
(AACO) surgery. To our knowledge, this unique and novel method is not reported in the literature.
We hypothesized that AACO surgery for tibial plateau malunion or nonunion wound allow accurate,
stable alignment and articular surface reduction with minimal dissection and a satisfactory outcome.

2. Materials and Methods

From January 2002 to July 2013, 63 consecutive patients with tibial plateau fracture malunion
or nonunion underwent arthroscopically-assisted corrective osteotomy (AACO). Fifty-eight patients
(92%) who were followed up for over 24 months were enrolled in this retrospective case series.
All patients were given a consent form before surgery and underwent the same treatment protocol for
arthroscopy-assisted corrective osteotomy, reduction, internal fixation, and strut allograft augmentation
for tibial plateau malunion or nonunion. The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of Chang Gung Memorial Hospital
(Project identification code 104-8592B). The mean age at operation was 49 ± 11.9 years old (range:
22 to 75 years). The follow-up period was 46.2 ± 17.6 months. No patients were lost to follow-up in
this consecutive case series. Tibial plateau fractures were categorized by the Schatzker classification
according to initial fracture patterns [21]. Table 1 lists patient demographics. Indications for operative
fixation included any varus instability exceeding 10◦ of medial tibial plateau fracture at full extension
or lateral plateau fracture with valgus instability exceeding 10◦ and articular step-off exceeding 3 mm
or tibial condylar widening exceeding 5 mm. Patients were excluded if they had any of the following
features: active or previous infection in the affected knee joint, poor soft-tissue status, knee ankylosis,
bad compliance, morbid obesity, severe systemic illness (diabetic mellitus under poor control, liver
cirrhosis Child B/C, active cancer, chemotherapy, hemophilia, or a medical contraindication for surgery).
Those who followed up for more than 24 months were enrolled in this study.

Table 1. Demographics of surgical patients: Schatzker classification of fracture types and associated
soft-tissue injuries.

Type II Type III Type IV Type V Type VI Total

No. of patients
(%) 19 (32.7%) 2 (3.4%) 7 (12%) 20 (34.5%) 10 (17.2%) 58 (100%)

Mean age (yr) 49.8 ± 12.9 34 ± 16.9 49.3 ± 7.2 49.5 ± 13.4 49.2 ± 8.3 49 ± 11.9

Gender (M/F) 5/14 0/2 1/6 6/14 4/6 16/42

Side (R/L) 7/12 0/2 0/7 9/11 7/3 23/35

Preoperative
condition

Range of motion
1.3 ±

3.3~102.3 ±
30.6

0.0 ±
0.0~110.0 ±

28.3

3.6 ±
6.3~115.0 ±

15.0

4.0 ±
7.7~93.7 ±

27.9

12.5 ±
16.2~84.0 ±

28.6

4.4 ±
9.18~98.0 ±

28.5

Mean depression
plateau (mm) 15.9 ± 6.2 7.5 ± 3.53 16.4 ± 3.77 19.5 ± 7.7 20.7 ± 5.6 17.7 ± 6.8

Mean tibiofemoral
angle 7.3 ± 3.3 8.0 ± 2.8 −2.4 ± 5.44 −1.5 ± 9.6 0.4 ± 7.6 -
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Table 1. Cont.

Type II Type III Type IV Type V Type VI Total

Postoperative
condition

Range of motion
(latest follow up)

1.1 ±
3.1~111.6 ±

22.4

0.0 ±
0.0~130.0 ±

0.0

0.0 ±
0.0~122.8 ±

7.6

1.3 ±
3.9~112.3 ±

17.0

4.5 ±
6.0~105.0 ±

19.0

1.5 ±
4.0~112.7 ±

18.8

Mean depression
plateau (mm) 2.8 ± 3.6 0.0 ± 0.0 2.7 ± 4.0 5.1 ± 4.9 5.5 ± 3.4 3.9 ± 4.2

Mean tibiofemoral
angle 6.7 ± 5.7 6.0 ± 0.0 4.6 ± 4.3 3.4 ± 9.3 1.0 ± 7.5 -

Associated
injuries

High grade
chondral injury

(Outerbridge Gr 3,
Gr 4) (%)

11(57.9%) 0 2 (28.6%) 9 (45%) 6 (60%) 28 (48.3%)

Meniscus (%) 10 1 3 8 4 26 (44.8%)

ACL (%) 1 0 1 4 2 8 (13.8%)

PCL (%) 1 0 1 3 0 5 (8.6%)

MCL (%) 0 0 0 1 0 1 (1.7%)

Frequency of
patients involved

(%)
52.6% (10/19) 50% 57.1% (4/7) 55.5% (11/20) 50% (5/10) 53.4% (31/58)

ACL: anterior cruciate ligament, PCL: posterior cruciate ligament; MCL: medial collateral ligament.

Preoperative evaluations included detailed physical examination of the condition of the soft-tissue
envelope, sensory-motor function of the limb, and vascular status in terms of pulsation over the
dorsalis pedis and posterior tibialis arteries. All patients underwent plain film study in anteroposterior
and lateral views as well as computed tomography of each knee. The mean duration between the
first time surgery to revision surgery was 9.2 ± 5.7 months. All preoperative evaluations and surgical
procedures were performed by a single surgeon (Y-S.C.).

2.1. Surgical Technique

The patients were positioned supine on the operating table and given general endotracheal
anesthesia. Before surgery, a complete knee evaluation was performed with the patient under
anesthesia. A pneumatic tourniquet was applied to the thigh, but a leg holder was not required
because most arthroscopic manipulation was conducted in the “figure 4” position. The anterolateral
and anteromedial portals were used to insert the arthroscope as well as working instruments.
The arthroscopic joint inspection permitted evaluation of the cartilage condition, debridement of
fibrous tissue, and localization of fracture malunion site (Figure 1A). The cartilage injury grading
was recorded as Outerbridge classification [22]. The capsuloligamentous structures were then probed
and the associated intra-articular lesions were evaluated. Incisions were made on the side of the
fracture directly medial-lateral (types I through IV) and bilaterally for types V and VI, starting from
approximately 1 cm proximal to the articular surface and extending approximately 8 cm distally.
The previous plate and screw were removed and wound culture was done routinely. The tibial
metaphysis was carefully exposed and care was taken to avoid arthrotomy and minimize periosteal
stripping. The depressed fragment or malunited area was located with a standard tibial guide for
anterior cruciate ligament (ACL) reconstruction and a Kirschner wire was inserted through the
metaphysis into the edge of malunited fracture line (Figure 1B). Another Kirschner wire repeated
the aforementioned procedure. Then, a 0.5 cm osteotome was started at the metaphyseal area to
the articular area on the plane that the two Kirschner wires created to completely separate the bone
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malunion area (Figure 1C). The method was repeated several times until the depressed articular
fragment was freely elevated by bone tamp (Figure 1E) and using Kirschner wire to temporarily fix the
elevated fragment. The articular height was checked under fluoroscope exam and arthroscopically.

Figure 1. Operative procedure: (A) Arthroscopic documentation and debridement. (B) Use of a
microfracture awl to identify the intra-articular depression zone. (C) Anterior cruciate ligament (ACL)
tibial guiding for osteotomy axis and location, where two parallel Kirschner wire determined one
plane, the 5 mm osteotome started from the metaphysic area to the articular surface. (D) The malunited
fracture area was completely released. (E) The depressed articular fragments were elevated with
bone tamp under direct arthroscopically inspection. (F) Bone grafting of the metaphyseal defect with
structural allograft femoral head.

The metaphyseal area may have revealed a huge bone defect. We measured the length, width,
and depth of the defect area. Then, the fresh frozen femoral head allograft were defrosted and cut
by oscillator saw to fit the previous measured bone defect. The overlying cartilage were removed
as cleanly as possible. Then, this cancellous strut allograft was impacted into the metaphyseal bone
defect area (Figure 1F). The residual small defect was filled with artificial bone graft and GeneX
(Biocomposites Ltd., Staffordshire, UK) putty (β-tricalcium phosphate/calcium sulfate hemihydrate
compound) mixed with vancomycin powder. Internal fixation was applied with either a nonlocking
L buttress plate (Depuy Synthes 4.5 mm L buttress plate) or a locking plate (Depuy Synthes LCP
Proximal Tibial Plate 3.5) and interfragmentary screw (Depuy Synthes Standard screws 3.5 mm, cortical
or cancellous) fixation. Intraoperative radiographs were routinely taken for all types of fractures to
reconfirm adequate reduction before wound closure.

The associated intra-articular pathology was treated in the appropriate sequence after fracture
fixation. Meniscal tears were repaired when they were within 5 mm of the meniscosynovial junction.
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Degenerative meniscus tears were debrided and trimmed to stable end. ACL injuries were treated
by arthroscopy-assisted fixation of the ACL avulsion fracture in a 1-stage surgical procedure and
second-stage reconstruction after fracture healing for complete ACL tears.

2.2. Clinical and Radiologic Assessment

The pre-revision and post-revision clinical and radiologic scales were recorded according to the
Rasmussen system (Tables 2 and 3) [23]. The post-revision scales was recorded at the latest followed up
outpatient department visit. The Rasmussen system was intended to improve upon the Hohl and Luck
system [24] by making it more quantitative. The advantage of the Rasmussen system is its analysis
of both functional and anatomic end results for tibial plateau fractures after treatment. This scoring
system is widely used in related studies of tibial plateau fractures [11,25–28]. The follow-up protocol
included analysis of subjective complaints and objective clinical findings. All 58 patients completed
a questionnaire regarding their overall function. Subjective data were collected to assess swelling,
difficulty climbing stairs, joint stability, ability to work and participate in sports, and overall patient
satisfaction with recovery. Range of motion (ROM) of the knee joint was measured with the patient in a
prone position with test-side ankle off plinth. A goniometer axis was placed at the skin prominence of
lateral epicondyle of the femur. A stationary arm was placed along the femur to greater trochanter. A
movement arm was placed along the fibula to lateral malleolus. Measurement of ROM was documented
at each OPD visit. We only presented the preoperative ROM and most recent postoperative follow-up
ROM. All patients were evaluated by the senior author (Y-S.C.).

Table 2. Criteria for clinical assessment.

Clinical Parameter Points Excellent Good Fair Poor

Subjective
Pain 5 4 2 0
None 6

Occasional pain, needs no medication 5
Stabbing pain 4

Intense, activity-related 2
Night pain, at rest 0
Walking capacity 6 4 2 1

Normal 6
Outdoors >1 h 4

Outdoors >15 min 2
Indoors only 1

Wheelchair/bedridden 0
Objective
Extension 6 4 2 2
Normal 6
<10◦ loss 4
>10◦ loss 2

Total range of motion 5 4 2 1
>140◦ 6
>120◦ 5
>90◦ 4
>60◦ 2
>30◦ 1

0◦ 0
Stability 5 4 2 2
Normal 6

Abnormal in 20◦ flexion 5
Instability in extension <10◦ 4
Instability in extension >10◦ 2

Total (minimum) 30–27 26–20 19–10 9–6
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Table 3. Criteria for radiologic assessment.

Radiological Parameter Points Excellent Good Fair Poor

Depression 6 4 2 0
None 6
<6 mm 4

6–10 mm 2
>10 mm 0

Condylar widening 6 4 2 0
None 6
<6 mm 4

6–10 mm 2
>10 mm 0

Angulation (valgus/varus) 6 4 2 0
Normal 6
<10◦ 4

10◦–20◦ 2
>20◦ 0

Total (minimum) 18 17–12 11–6 5–0

A radiographic evaluation, including bipedal examination and examination of both knees,
was done preoperatively, at 3 months, 6 months, and 1 year postoperatively, and then annually
thereafter. Long-leg standing films (with standing scanography used to measure the tibio-femoral
angle) were obtained annually postoperatively.

In each case, preoperative and postoperative articular depression were measured from the
Computed tomography (CT) coronal series. The amount of articular depression was measured from
the opposite remaining articular surface. A line was drawn at the level of the normal articular surface
and extended across the depressed area. A measurement was made from this line to the point of
maximum depression. When both plateaus were involved, a line was drawn at the level of the femoral
condyles and another line parallel to it was drawn through the base of the tibial spine, then lines were
drawn to the point of maximum depression of both plateaus. Magnetic resonance imaging scans were
used to identify meniscal disorders and ligamentous injuries.

Union was defined as the presence of a bridging callus on 2 radiographic views [29]. Nonunion
was defined as a failure of progressive radiographic healing over a 1 year period [2]. Osteoarthritic
changes were judged according to Ahlbäck’s scale [30] and the mechanical axis was measured by
radiography. On the basis of Ahlbäck’s scale, osteoarthritis was estimated by narrowing of the joint
space. Secondary osteoarthritis was defined as follows: if the radiograph showed a narrowed joint
space in the injured knee at follow-up, the comparison was with the film taken at the time of injury.
If the findings were comparable, no secondary degenerative change was recorded. If relative narrowing
was noted, comparison was then made with the film of the uninjured knee. Relative narrowing of
the joint space by less than 50% was considered mild, relative narrowing by greater than 50% was
considered moderate, and 100% (i.e., obliterated) narrowing was considered severe [31].

2.3. Statistical Methods

Each radiograph was evaluated by 5 observers (visiting orthopedic staff) in a blinded fashion to
assess interobserver variance. The 5 observers also classified fracture type and measured articular
depression in the 58 patients. Statistical analysis determined the interobserver variance in the diagnosis
for secondary osteoarthritis, fracture type, and articular depression. The interobserver variability by use
of the kappa method in the diagnosis of secondary osteoarthritis, fracture type, and articular depression
was in all cases insignificant (p < 0.05). The Mann–Whitney U test was used for comparing preoperative
and postoperative clinical and radiological outcomes. P < 0.05 was recognized as significance.
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3. Results

Data of the surgical patients are shown in Table 1. There was no significant relation between
fracture type and patient age, gender, or injured limb (p > 0.05). The average range of motion was
4.4 ± 9.18 to 98.0 ± 28.5 preoperatively and 1.5 ± 4.0 to 112.7 ± 18.8 postoperatively. The tibial-femoral
angles were 7.3 ± 3.3 (type II), 8.0 ± 2.8 (type III), −2.4 ± 5.44 (type IV), −1.5 ± 9.6 (type V), and 0.4 ± 7.6
(type VI) preoperatively and were corrected to 6.7 ± 5.7 (type II), 6.0 ± 0.0 (type III), 4.6 ± 4.3 (type IV),
3.4 ± 9.3 (type V), and 1.0 ± 7.5 (type VI) postoperatively. The preoperative depression of the plateaus
were 15.9 ± 6.2 (type II), 7.5 ± 3.5 (type III), 16.4 ± 3.8 (type IV), 19.5 ± 7.7 (type V), and 20.7 ± 5.6
(type VI) and were reduced to 2.8 ± 3.6 (type II), 0.0 ± 0.0 (type III), 2.7 ± 4.0 (type IV), 5.1 ± 4.9 (type
V), and 5.5 ± 3.4 (type VI) postoperatively. In total, the amount of depression of the plateaus were
17.7 ± 6.8 preoperatively and 3.9 ± 4.2 postoperatively. Significant difference was noted in type II, IV,
V, VI, and overall (Figures 2 and 3).

Figure 2. (A,B) This 43-year-old patient had a Type II fracture, where open reduction with internal
fixation was done by two cannulated screws on the day of injury. This radiograph was checked four
months after the initial surgery, where a lateral split with depression was noted. (C,D) CT revealed
lateral plateau huge intraarticular split and depression. (E,F) Immediate postoperative radiograph after
arthroscopically-assisted corrective osteotomy (AACO), bone grafting with structural allograft femoral
head, and internal fixation by lateral plate. (G,H) 4 years after AACO, the plate was removed and the
radiological score were excellent.
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Figure 3. (A,B) This 57-year-old patient had a Type II fracture, where open reduction with internal
fixation was done by medial locking plate 3 days after injury. When this radiograph was checked
14 months after the initial surgery, lateral plateau depression and widening were noted. (C,D) CT
revealed lateral plateau huge intraarticular depression. (E,F) 2.5 years after AACO, the radiological
score was excellent.

3.1. Clinical Assessment

Table 4 shows preoperative and postoperative clinical assessment results. Preoperatively,
the clinical Rasmussen scores were 17.1 ± 1.9 (type II), 20.0 ± 4.2 (type III), 15.6 ± 4.4 (type IV),
14.9 ± 4.2 (type V), and 12.1 ± 4.1 (type VI). Postoperatively, the clinical scores increased to 22.6 ± 5.3
(type II), 26.0 ± 0.0 (type III), 25.3 ± 1.4 (type IV), 23.6 ± 4.0 (type V), and 21.6 ± 5.2 (type VI). In total, the
clinical scores were 15.4 ± 3.9 preoperatively and 23.2 ± 4.5 postoperatively. Significant difference was
noted in type II, IV, V, VI, and overall. The clinical satisfactory rate improved from 10.3% preoperatively
to 81% postoperatively.

Table 4. Results of clinical assessment in 58 patients.

Fracture
Type

No. of
Patients

Average
Clinical

Score
Excellent Good Fair Poor

Satisfactory
Results

Type II 19 22.6 ± 5.3 4 (21%) 10 (52.6%) 5 (26.3%) None 73.7%
Type III 2 26.0 ± 0.0 None 2 (100%) None None 100%
Type IV 7 25.3 ± 1.4 1 (14.3%) 6 (85.7%) None None 100%
Type V 20 23.6 ± 4.0 1 (5%) 17 (85%) 1 (5%) 1(5%) 90%
Type VI 10 21.6 ± 5.2 1 (10%) 5 (50%) 4 (40%) None 60%

Total
Injuries 58 23.2 ± 4.5 7(12%) 40(68.9%) 10(17.2%) 1(1.7%) 47(81%)

3.2. Radiologic Assessment

All 58 fractures, except 2, achieved successful union (these 2 nonunion cases shifted to total knee
arthroplasty). The average union time was 19.6 weeks. Table 5 shows preoperative and postoperative
radiologic assessment results. Preoperatively, the radiological Rasmussen scores were 8.9 ± 1.4 (type
II), 13.0 ± 1.4 (type III), 8.0 ± 2.3 (type IV), 6.6 ± 2.6 (type V), and 6.2 ± 2.0 (type VI). Postoperatively,
the radiological scores increased to 13.3 ± 3.2 (type II), 17.0 ± 1.4 (type III), 14.3 ± 3.3 (type IV),
10.7 ± 4.2 (type V), and 9.6 ± 2.6 (type VI). In total, the radiological scores were 7.7 ± 2.5 preoperatively
and 12.0 ± 3.9 postoperatively. Significant difference was noted in type II, IV, V, VI, and overall.
The radiological satisfactory rate improved from 8.6% preoperatively to 62% postoperatively.
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Table 5. Results of radiological assessment in 25 patients.

Fracture
Type

No. of
Patients

Average
Radiological

Score
Excellent Good Fair Poor

Satisfactory
Results

Type IV 5 16 (range:
14–18) 3 (60%) 2 (40%) None None 100%

Type V 2 16.5 (range:
14–18) 1 (50%) 1 (50%) None None 100%

Type VI 18 15 (range:
10–18) 9 (34%) 8 (44%) 1 (22%) None 94%

Total
Injuries 25 15.8 13 (52%) 11 (44%) 1 (4%) None 96% (24/25)

3.3. Associated Injuries and Procedures

Of the 58 patients in this series, 31 (53.4%) had associated intra-articular lesions (meniscus, cruciate
ligament, collateral ligament) (Table 1). Among these 31 patients, the meniscal injury was noted in
25 knees. There were 7 medial and 21 lateral meniscal injuries. Three knees had both medial and
lateral meniscal pathology. Five menisci were sutured, 23 were partially resected, and none were
totally removed. Ligament injuries were noted in 11 knees with 17 lesions, including 4 ACL complete
ruptures, 4 ACL partial ruptures, 1 PCL complete rupture, 3 PCL partial ruptures, and 1 medial
collateral ligament partial rupture. There were 4 combined ligament injuries (ACL partial tear and PCL
partial tear in three knees and ACL complete tear and PCL complete tear) in one knee. High-grade
chondral injuries (Outerbridge Gr 3, Gr 4) were noted in 11 type II, 2 type IV, 9 type V, and 6 type VI
fractures. In total, 28 (48.3%) knees had high-grade chondral injuries.

3.4. Complications

Secondary osteoarthritis was noted in 53 injured knees (91%). The relative narrowing of the joint
space was mild in 15 knees (25.8%; 7 type II, 1 type IV, 4 type V, and 3 type VI), moderate in 3 knees
(25.8 %; 4 type II, 4 type IV, 4 type V, and 3 type VI), and severe in 23 knees (38%; 6 type II, 1 type III,
2 type IV, 10 type V, and 4 type VI). In the 58 patients, deep infection was noted in 6 cases (10.3%).
Wound debridement, sequestrum removal, and copious irrigation were done and parenteral antibiotics
were used. The implants were removed if the screws were loosening and left in place if the screw and
plate were stable. In the six cases of deep infection, five cases were cured without recurrent infection
after one to two debridement surgeries. Two cases develop knee arthrofibrosis, with the range of
motion only 0 to 30 degree. Arthroscopic release was done for these two patients at the same time
when removing the locking plate and screws.

There was one case of wound edge necrosis that was noted 1 month after the index surgery.
Rotation musculocutaneous flap was done for wound coverage. The flap and wound healed well.
The osteotomy site healed well too.

Five cases (3 type II, 1 type V and 1 type VI) needed to shift to knee arthroplasty due to
persistent pain, nonunion, and radiograph-confirmed severe post-traumatic osteoarthritis. The average
interval between the index surgery to total knee arthroplasty was 13.5 months (range 8–24 months).
No complications directly associated with arthroscopy were noted in any of the 58 patients.

4. Discussion

In this report, we presented the surgical technique and radiographic and clinical outcomes
of arthroscopic-assisted corrective osteotomy in the treatment of tibial plateau fracture malunion
or nonunion. Postoperatively, 81% patients achieved satisfactory clinical results and 61% patients
achieved satisfactory radiographic results. Significant improvement was confirmed by comparing
preoperative and postoperative conditions.
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Complication after tibial plateau fracture surgery has been reported by several authors [1,3,32].
Papagelopoulos et al. divided the complications into early (i.e., loss of reduction, deep vein thrombosis,
infection) or late (i.e., malunion and nonunion, implant breakage, post-traumatic arthritis) categories [1].
Huang et al. analyzed the causes of failure for their 25 patients who had failed tibia plateau surgery
and revealed that 19 (76%) had inadequate fixation, 21 (84%) had malreduction, and 25 (100%) had
bone defects [3].

Knee arthroplasty for post traumatic knee arthritis following tibial plateau fracture malunion
or nonunion has been reported by many authors. However, according to different series, higher
complication rates: 13.7%–34%, poor outcomes: 19%–23%, soft-tissue compromise: 5%–13%, stiff knee:
4%–11.5%, high revision rate 4%–11%, and deep infection: 3%–5% were noted, where all of the
above were higher than primary knee arthroplasty for degenerative knee osteoarthritis [33–40].
Besides, 12%–13% of patients need semi-constrained or hinge knee implants for compensation of the
post-traumatic articular depression and ligament imbalance.

Corrective osteotomy could maintain the native knee joint, restore lower extremity alignment,
preserve the bone stock, delay joint replacement, and create better conditions for an eventual
replacement. These reconstructive surgical strategies were mentioned in only a few studies [2,4,9].
Wu et al. presented their technique for correction of the tibia plateau fracture malunion with varus
deformity by tibia shaft osteotomy distal to the tibial tubercle, realigning the lower extremity axis,
and medial fixation by 95◦ angled blade plate [2]. Postoperatively, the proximal medial tibial angle
(PMTA) was corrected to the acceptable range (80◦–99◦) in all patients and knee function improved in
88% patients. However, with this technique, intraarticular pathology, such as intraarticular step-off
and associate intraarticular soft tissue pathology, cannot be managed properly. Kerkhoffs et al.
reported their technique with combined intra-articular and varus opening wedge osteotomy for lateral
depression and valgus malunion of the tibia plateau [4,5]. According to their technique, with a
standard lateral arthrotomy, the anterior 50% to 60% of the lateral plateau can easily be visualized
to expose more posteriorly situated depressions, an osteotomy of the Gerdy tubercle and reflection
of the attached iliotibial tract allow visualization of approximately 80% of the lateral plateau, and an
additional osteotomy of the fibular head allows full anterior dislocation of the lateral tibial plateau.
An osteotomy of the tibial tuberosity is necessary when there is a combination of medial and lateral
malunions. Although the authors reported that excellent results were achieved in 74% patients, possible
disadvantages of extended arthrotomy and delayed healing of tibial tubercle osteotomy site may
be encountered.

Recently, computer-assisted planning and patient-specific surgical guidelines have been proposed
to correct tibial plateau post-traumatic malunion [41–43]. Initial results are encouraging. However,
this technique must mobilize the soft tissue attachment to fully position the guide on the bone.
This includes the pes anserinus and the ilio-tibial band. In addition, additional CTs will be required if
the opposite side is used as a reconstruction template, resulting in increased radiation exposure.

We presented the surgical technique and radiographic and clinical outcomes of
arthroscopic-assisted corrective osteotomy in the treatment of tibial plateau fracture malunion or
nonunion. In our series, postoperatively, 81% patients achieved satisfactory clinical result and
61% patients achieved satisfactory radiographic result. Significant improvement was confirmed by
comparing preoperative and postoperative conditions. This technique can be used in all type of tibial
plateau malunion and nonunion fractures. Of the 58 patients, 51.7% suffered Schatzker type V or
type VI fractures and could be managed by the technique very well with significant improvement
both clinically and radiologically. However, according to the Rasmussen score of radiological results,
fractures with type V or type VI would get relatively lower scores. This may explain why our series
had only a 61% for satisfactory radiologic results.

By the assistance of arthroscopy, the fracture malunion site could be identified, the corrective
osteotomy were created, and the depressed intraarticular fragment could be elevated under direct
visualization. Besides, the diagnosis, documentation, and management of associate intraarticular soft
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tissue pathology could be performed smoothly under arthroscopy at one-stage surgery. Our technique
avoided arthrotomy and fibulotomy. To the best of our knowledge, this is the first case series presenting
the new technique.

In our series, we had five cases that needed to convert to total knee arthroplasty due to persistent
pain, nonunion, and radiograph-confirmed severe post-traumatic osteoarthritis with a mean conversion
time of 13.5 months (range: 8–24 months). Three cases used primary total knee replacement and
two cases used constrained condylar knee prosthesis (LCCK; Zimmer) and there was no need for
rotating hinge type revision total knee replacement. There was no further complication related to the
arthroplasty procedure.

However, some limitations and weaknesses of this study must be acknowledged: there was no
control group, this was not a randomized study, only a single surgeon was involved, all patients were
rated by the same author, the sample size was limited, and follow-up to determine further osteoarthritic
change needs to be longer.

5. Conclusions

Arthroscopy-assisted corrective osteotomy, reduction, internal fixation, and strut allograft
augmentation is a unique and new method to restore tibial plateau malunion/nonunion with
well-documented radiographic healing, good clinical outcomes, and low complication rates.
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Abstract: The modified Trauma-Induced Coagulopathy Clinical Score (mTICCS) presents a new
scoring system for the early detection of the need for a massive transfusion (MT). While validated
in a large trauma cohort, the comparison of mTICCS to established scoring systems is missing.
This study therefore validated the ability of six scoring systems to stratify patients at risk for
an MT at an early stage after trauma. A dataset of severely injured patients (ISS ≥ 16) derived
from the database of a level I trauma center (2010–2015) was used. Scoring systems assessed
were Trauma-Associated Severe Hemorrhage (TASH) score, Prince of Wales Hospital (PWH) score,
Larson score, Assessment of Blood Consumption (ABC) score, Emergency Transfusion Score (ETS),
and mTICCS. Demographics, diagnostic data, mechanism of injury, injury pattern (graded by AIS),
and outcome (length of stay, mortality) were analyzed. Scores were calculated, and the area under
the receiver operating characteristic curves (AUCs) were evaluated. From the AUCs, the cut-off point
with the best relationship of sensitivity-to-specificity was used to recalculate sensitivity, specificity,
positive predictive values (PPV), and negative predictive values (NPV). A total of 479 patients were
included; of those, blunt trauma occurred in 92.3% of patients. The mean age of patients was 49 ± 22
years with a mean ISS of 25 ± 29. The overall MT rate was 8.4% (n = 40). The TASH score had the
highest overall accuracy as reflected by an AUC of 0.782 followed by the mTICCS (0.776). The ETS
was the most sensitive (80%), whereas the TASH score had the highest specificity (82%) and the PWH
score had the lowest (51.83%). At a cut-off > 5 points, the mTICCS score showed a sensitivity of
77.5% and a specificity of 74.03%. Compared to sophisticated systems, using a higher number of
weighted variables, the newly developed mTICCS presents a useful tool to predict the need for an MT
in a prehospital situation. This might accelerate the diagnosis of an MT in emergency situations.
However, prospective validations are needed to improve the development process and use of scoring
systems in the future.

Keywords: mTICCS; TICCS; massive transfusion; shock; multiple trauma; polytrauma; bleeding;
transfusion
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1. Introduction

Traumatic hemorrhage still represents a challenging problem in injured patients [1,2]. In this
context, uncontrolled bleeding is found in about 50% of patients, deceasing in the first 48 hours after
trauma, thereby presenting one of the leading causes of early posttraumatic death. The main sources of
severe bleeding are thoracic, abdominal, and pelvic injuries [3,4]. Although early laboratory diagnostics,
including standard coagulation parameters, ROTEM®, and implementation of massive transfusion
(MT) protocols, have been found to improve the outcome, prediction, and early identification of
patients which need MT is still difficult [5–7]. For this purpose, several scores using clinical parameters,
laboratory results, and imaging have been introduced and validated [8,9]. However, some of the
relevant scoring parameters are not available before diagnostics in the emergency room have been
finalized, which negatively affects their clinical utility for prediction of a necessary MT. In 2014, Tonglet
et al. introduced the “Trauma-Induced Coagulopathy Clinical Score” (TICCS), which is based on the
general injury severity assessment, blood pressure, and extent of bodily injury (Table 1) [10]. Due to its
simplicity, this calculation is feasible on scene and allows for the timely identification of patients in
need of the preclinical start of damage control resuscitation (DCR) and later, possibly, an MT. Modified
Trauma-Induced Coagulopathy Clinical Score (mTICCS) was validated in 2017 in a population of
33,385 trauma patients [11]. The present work aims to compare the newly developed mTICCS with
established and frequently used scoring systems to identify patients at risk for needing an MT.

2. Experimental Section

Severely injured patients (ISS ≥ 16) that were consecutively admitted to our trauma center (Level 1)
between 2010 and 2015 were included in this study. Demographic data, as well as laboratory parameters
(hemoglobin (Hb), lactate (Lac), partial thromboplastin time (PTT), International Normalized Ratio
(INR)), and imaging data (focused assessment with sonography for trauma (FAST), X-ray, and CT),
were collected. Furthermore, the mechanism of injury, injury pattern (graded by AIS), and outcome
(length of stay, mortality) were recorded. Due to the retrospective nature of this study, ethical approval
was not required.

2.1. Scores

Only scores including parameters that could be reproduced by the data captured in the hospital
information system were considered. An MT was defined as the administration of 10 or more units of
packed red blood cells (pRBC) in the first 24 h after arrival at the emergency room (ER). Scores were
raised by two investigators (KH; RL). In case of discrepancies, results were discussed until consensus
was achieved.

2.1.1. Trauma-Associated Severe Hemorrhage (TASH) Score

To identify the risk for needing an MT, the TASH score uses seven independent, weighted variables:
systolic blood pressure, sex, hemoglobin, focused assessment for the sonography of trauma (FAST),
heart rate, base excess (BE), and extremity or pelvic fractures. Using a logistic function, the TASH
score is transformed into the probability of an MT. Consequently, a score ≥ 16 points indicates a >
50% probability of an MT. Furthermore, a score ≥ 27 points is associated with a 100% predicted and
obtained risk for an MT [12,13].

2.1.2. Assessment of Blood Consumption (ABC) Score

The ABC score uses parameters: penetrating trauma mechanism, systolic blood pressure ≤
90 mmHg on ER arrival, heart rate ≥ 120 bpm on ER arrival, and positive FAST examination, which are
available during the first few minutes after hospital admission of a trauma patient, to assess the risk
for an MT [14].
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2.1.3. Larson Score

The Larson score is based on the “Joint Theater Trauma Registry” transfusion database,
which includes data of US service personnel injured in combat scenarios during overseas deployment.
The Larson score includes heart rate, systolic blood pressure, hemoglobin, and base deficit to identify
the probability of an MT [15].

2.1.4. Prince of Wales Hospital (PWH) Score

The PWH score is based on data from 1891 civilian trauma patients admitted to The Prince of
Wales Hospital in Hong Kong. Statistical analyses identified seven parameters: heart rate ≥ 120 bpm,
systolic blood pressure ≤ 90 mmHg, Glasgow coma scale ≤ 8, displaced pelvic fracture, computer
tomography (CT) scan or FAST-positive for fluid, base deficit > 5 mmol/L, hemoglobin ≤ 7 g/dL,
and hemoglobin 7.1–10.0 g/dL, to predict the need for an MT [16].

2.1.5. Emergency Transfusion (ET) Score

Based on data from 1103 patients, nine parameters, with different predictive values indicating the
need for a blood transfusion, were chosen for the ET score, including systolic blood pressure (SBP) <
90 mmHg or SBP 90–120 mmHg, free fluid on the abdominal ultrasound, clinically unstable pelvic ring
fracture, aged 20–60 years or > 60 years, admission from scene of accident, traffic accident, and fall
from > 3 m. Score values range from 1 (0.7% probability of an MT) to 9.5 (97% probability of an MT)
points [17].

2.1.6. Modified Trauma-Induced Coagulopathy Clinical Score (mTICCS)

The mTICCS is a modified version of the TICCS [10]. There are three assessment criteria that form
the score: the assessment of general severity, blood pressure, and the extent of body injury (Table 1).
The original TICCS separated critical patients being admitted to the emergency room and noncritical
patients without activation of the emergency room. If the emergency room was activated, 2 points were
assigned, otherwise the patient was graded with 0 points. As severely injured patients are generally
treated in emergency rooms, all patients were automatically assigned 2 points. Additionally, mTICCS
does not discriminate between left and right extremity injuries but rather whether the injury affected
the upper (left and/or right) or lower (left and/or right) extremities. In the modified scoring system,
1 point was attributed to a severe injury of the upper extremities and 1 point for a severe injury of the
lower extremities.

Table 1. modified Trauma Induced Coagulopathy Clinical Score (Mticcs) criteria.

Criteria Points

General Severity
Admitted into resuscitation room with trauma team activation 2

Blood Pressure
SBP * fell below 90 mmHg at least once

SBP * always above 90 mmHg
5
0

Extent of Significant Injuries
Head and neck

Upper extremity (left or right)
Lower extremity (left or right)

Torso
Abdomen

Pelvis

1
1
1
2
2
2

Total Possible Score 2–16

* SBP: systolic blood pressure.
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2.2. Statistical Analyses

Demographic data as well as injury mechanisms and pattern were described in tables by median
and range or frequency and percentage. Comparisons between MT and no MT groups were performed
by Wilcoxon rank-sum-test for continuous data or Chi-square-test. Results are presented as p-values.

mTICCS was compared to TASH, ABC, Larson, PWH, and ETS scores to evaluate its diagnostic
accuracy. The different scores were evaluated with the need for an MT within the first 24 h after
admission. The area under the receiver operating characteristic curve (AUC) was calculated for
each score. The Youden Index was used to determine the cut-off point at which sensitivity and
specificity were of equal diagnostic importance. The Youden Index specifies the optimal cut-off point
by maximizing the difference between true positive and false positive ratings over all possible cut-off
points. Prevalence, sensitivity, specificity, positive predicted values (PPV), and negative predicted
values (NPV) with corresponding 95% confidence limits (95% CI) were used for the comparison
of scores.

The AUC of the mTICCS was compared to the AUCs of TASH, ABC, Larson, PWH, and ETS
scores to assess and compare the overall diagnostic accuracy. Results were reported as the AUC value
with the corresponding 95% confidence limits and p-values. For all comparisons, the significance
level was set to 5%, and due to the explorative nature of this study no adjustment was made to the
significance level for multiple testing. All analyses were performed by SPSS 25.0 (IBM®, New York,
NY, USA) and MedCalc®version 18.9.1 (MedCalc software, Ostend, Belgium).

3. Results

3.1. General Data

In total, 479 patients were included in this study. Demographic data, injury mechanisms, as well as
mortality rates are displayed in Table 2. Overall, patients were discharged after 21 (29) days, of which
they spent 14 (31) days in the intensive care unit. On average, patients were ventilated for 194 (398)
hours. The overall MT rate was 8.4% (n = 40).

Table 2. Demographic data, injury mechanisms, and trauma severity.

Demographic Data
No MT
n = 439

MT
n = 40

p-Value

Age in years median (range) 50 (2–93) 42 (11–82) 0.536 †

Male sex in % (n) 70.6 (310) 80.0 (32) 0.209 §

‡ ISS median (range) 24 (16–75) 29 (17–59) 0.000 †
# NISS median (range) 27 (16–75) 31 (17–59) 0.011 †

RR * ≤ 90mmHg initial in % (n) 4.1 (18) 17.5 (7) 0.001 §

¥ BP in total ≤ 24 h median (range) 0 (0–9) 21.5 (10–106) 0.001 †

Overall mortality in % (n) 23.5 (103) 52.5 (21) 0.000§

Injury Mechanism (% n)

Blunt 92.5 (406) 87.5 (35) 0.072 §

Car 17.3 (76) 15 (6) 0.710 §

Motorbike 11.2 (49) 17.5 (7) 0.232 §

Bicycle 7.5 (33) 0 (0) 0.072 §

Fall < 3 m 22.3 (98) 7.5 (3) 0.028 §

Fall > 3 m 16.2 (71) 20 (8) 0.532 §

Pedestrian 8.2 (36) 20 (8) 0.013 §

Burn 3 (13) 0 (0) 0.270 §

Other 14.1 (62) 20 (8) 0.314 §
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Table 2. Cont.

Demographic Data
No MT
n = 439

MT
n = 40

p-Value

$ AIS median (range)

Head 3 (0–5) 2 (0–5) 0.193 †

Face 0 (0–3) 0 (0–3) 0.444 †

Thorax 2 (0–5) 3 (0–5) 0.132 †

Abdomen 0 (0–5) 2 (0–5) 0.000 †

Extremities 2 (0–5) 3 (0–4) 0.000 †

External 0 (0–6) 0 (0–2) 0.624 †

* RR = blood pressure by Riva-Rocci in mmHg; ¥ BP = blood products; ‡ ISS = Injury Severity Scale; # NISS
= New Injury Severity Scale; $ AIS = Abbreviated Injury Score. † Wilcoxon rank-sum-test for continuous data,
§ Chi-square-test.

3.2. AUC Analysis

For the tested scores, AUC analysis revealed values between 0.648 (PWH) and 0.782 (TASH)
(Table 3; Figure 1). mTICCS had a significantly larger AUC than PWH (0.776, 95% CI: (0.736; 0.812) vs.
0.648, 95% CI: (0.603; 0.691); p = 0.0103). However, no significant difference was identified between the
AUC of mTICCS and the AUCs of the other scores (Table 3).

Table 3. Comparative area under the curve (AUC) analysis.

Score mTICCS TASH ABC Larson PWH ETS

AUC 0.776 0.782 0.684 0.740 0.648 0.713
95% CI * 0.736; 0.812 0.743; 0.819 0.641; 0.726 0.698; 0.779 0.603; 0.691 0.670; 0.753
Cut-off > 5 > 8 > 0 > 1 >2 > 2.5

p-value for the comparison of AUC
to AUC of mTICCS 0.8852 0.0756 0.3839 0.0103 0.0804

* CI (confidence interval).

3.3. Prevalence, Sensitivity, Specificity, Positive, and Negative Predictive Values

Sensitivity was highest for ETS, followed by mTICCS, PWH, TASH, ABC, and Larson, respectively.
However, specificity was highest for TASH, followed by Larson, ABC, mTICCS, ETC, and PWH
(Table 4). TASH also presented with the highest PPV, while NPV was highest for mTICCS (Table 4).

Table 4. Prevalence, sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV).

Score mTICCS TASH ABC Larson PWH ETS

Prevalence (%) 8.35 8.35 8.35 8.35 8.35 8.35
Sensitivity (%) 77.50 67.50 60.00 55.00 77.50 80.00

95% CI * 61.5; 89.2 50.9; 81.4 43.3; 75.1 38.5; 70.7 61.5; 89.2 64.4; 90.9
Specificity (%) 74.03 82.00 74.56 79.50 51.83 52.97

95% CI * 69.7; 78.1 78.1; 85.5 70.3; 78.6 75.4; 83.2 47.0; 56.5 48.2; 57.7
PPV (%) 21.4 25.5 17.8 19.6 12.8 13.4
95% CI * 17.8; 25.5 20.3; 31.4 13.8; 22.6 14.9; 25.5 10.8; 15.1 11.4; 15.7
NPV (%) 97.3 96.5 95.3 95.1 96.2 96.7
95% CI * 95.3; 98.5 94.5; 97.7 93.3; 96.8 93.2; 96.5 93.4; 97.8 93.9; 98.2

* CI (confidence interval).

Considering mTICCS as screening tool, 145 were identified at risk of MT (145 test positives among
479 screend patients), and among these 145 patients, 31 went on to need MT (PPV of 21%). In addition,
of the 40 patients needing MT in our sample, 31 were correctly identified by mTICCS (sensitivity of
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77.50%) while 9 patients were missed (false negative). On the other hand, of the 439 patients who do
not need MT, 325 were correctly identified (specificity of 74.03%) while 114 were missed (false positive).

 
Figure 1. Area under the receiver operating characteristic curves (AUCs) for the mTICCS,
Trauma-Associated Severe Hemorrhage (TASH), Assessment of Blood Consumption (ABC), Larson,
Prince of Wales Hospital (PWH), and Emergency Transfusion Score (ETS) scores.

4. Discussion

Although early management of acute coagulopathy in trauma victims improves the outcome,
timely identification and prediction of a trauma-induced hemorrhage and the associated need for
an MT remains challenging [18,19]. Therefore, the present study compared the newly developed and
easily applicable mTICCS to five established scoring algorithms in order to classify the relevance
of mTICCS as a prediction method for an MT. Our results show that the AUC of the mTICCS was
comparable to the TASH, Larson, ABC, and ETS scores and superior to the PHW score. mTICCS is
calculated with the lowest number of assessment criteria, which are also easily accessible and gained
early on in evaluation. These findings make mTICCS highly interesting for a clinical routine, as the
assessment criteria of general trauma severity, blood pressure, and extent of body injury do not need
sophisticated diagnostic tools and can easily be scored by paramedics as well as hospital staff.

In general, one could assume that more complex scores are superior for prediction of an MT when
compared to more compact systems. Accordingly, the TASH score [12], which includes demographic
data, physical variables, laboratory results, injury patterns, and sonography, was shown to represent
the gold standard in the prediction of an MT with the highest AUC (0.889) when compared to
the PWH (0.860) and the score of Vandromme et al (0.840) in a trauma cohort of 5147 patients [9].
The authors of this study concluded that weighted and more sophisticated systems like TASH and
PWH scores, which include more and often similar variables, performed better than those that use
simple, nonweighted models [9]. However, the PWH score did not perform well in our study and
presented with a significantly lower AUC than mTICCS. This is interesting because the PWH score
uses comparable components to the TASH score and applies weights to selected individual parameters
to stratify patient’ risk for an MT. Similar to the results found in our study, Mitra et al. showed,
in a trauma cohort of 1234 Australian patients, that the PWH score was significantly less predictive
for an MT than other scores [20]. The PWH score was initially developed and validated in the New
Territories of Hong Kong, where 95% of the population are Chinese; therefore, ethical aspects might
explain the observed differences between the scoring systems. Similarly, Singhal et al. showed
that thromboelastography analysis of Asian and Caucasian patients revealed different hemostatic
mechanisms [21]. In this context, Asians presented with significantly lower postoperative factor levels
than Caucasians, and baseline comparisons of factor and serum levels revealed that Asians presented
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with the lowest thrombogenic profiles when compared to other ethnic groups. Further aspects in
regard to different hemostatic mechanisms between the two races were confirmed [21,22]. In contrast
to the PHW score, the well-performing TASH score was developed and validated in a Caucasian
population; therefore, it may be assumed that ethnicity has a significant influence on the relevance of
a score to evaluate the probability of an MT.

In addition to ethnicity, other aspects of the study population’s composition need to be considered
when comparing the predictive value of different scores. In this context, Brockamp et al. included
patients with an ISS > 9 who survived until ICU admission [9]. Thus, it might be assumed that those
scores were tested against a relatively “stable” cohort, with a lower risk for bleeding complications,
compared to the scores included in the present study (ISS > 16, admission to shock room). This is
supported by a higher percentage of MTs in the present study (8.4%) compared to 5.6%, which was
reported by Brockamp et al. [9]. When considering the highly complex TASH and PWH scores, combat
zones, as well as civilian scenarios with severely injured patients, recommend more simple tools to
stratify patient’ risk for an MT [14,15,17]. Other scores (Larson, ABC, and ET scores) have aimed to
address this issue; however, these scores still use either laboratory (e.g., base deficit, hemoglobin) or
other diagnostic (e.g., x-ray, FAST) variables, which are probably not available on scene or hamper
timely identification of patients in need of the preclinical start of DCR and a future MT. Furthermore,
although the data needed to calculate these scores may be available in a relatively short time after
hospital admission, it still requires time to collect the data and calculate the score. This calls into
question the utility of these scores as “early” identification tools and explains why these scores are not
routinely used in clinical practice.

The original version of TICCS focused on easy and early application and could be determined
before hospital admission [10,23]. Due to the known benefits of additional variables, like laboratory
parameters or diagnostic imaging procedures, adding to the validity of prediction scores, Swerts et al.
hypothesized that using BE and FAST would improve the predictive value of TICCS. Both parameters
were chosen because they could theoretically be used in a prehospital setting. However, adding these
variables to the original TICCS did not significantly improve the scoring system’s ability to predict
the need for an MT [24]. Unfortunately, the authors do not discuss possible reasons for their findings.
BE has recently been discussed critically as a possible scoring variable [25], as it reflects the acid-base
status and may increase during metabolic and respiratory acidosis and thus influence therapeutic
resuscitation, such as fluid loading (chloride-induced acidosis) [26]. Moreover, in regard to additional
imaging procedures, Becker et al. observed that the false-negative rate of FAST performed in blunt
abdominal trauma patients with a high injury severity score (ISS > 25) is higher than that performed in
patients with an ISS < 25 [27]. The authors demonstrated that the sensitivity of FAST is lower among
patients with an ISS > 25 (65.1%) than patients with an ISS < 25 (86.4%). Becker at al. concluded that
patients with a high ISS are at an increased risk of having ultrasound-occult injuries and have a lower
accuracy during their ultrasound examination than patients with a low to moderate ISS [27]. Thus,
including FAST into a scoring system for an MT prediction should be discussed carefully.

The original TICCS was adjusted to the modified version (mTICCS) in regard to the special
characteristics of severely injured patients and the need to simplify predictions scores [11]. With this
study we were able to show that despite its simplicity, the prognostic value (as indicated by the AUC)
of mTICCS was not significantly different than that of the other scores. Thus, mTICCS might provide
a useful tool to predict the need for an MT at a very early stage after trauma.

For the present analysis, a single dataset from a Level 1 trauma center was used, including
a significant number of severely injured patients. All containing variables for the scoring systems
and algorithms could be assessed. Furthermore, detailed data on transfusion practices and the use
of blood products were available. However, data presented in the current study were collected from
a retrospective database with information collected after hospital admission. Thus, information about
prehospital applications of hemostatic agents with a potential influence on the amount of administered
pRBCs was not available and might have caused some bias to the results. Furthermore, the score should
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be used by paramedics, nursing staff in the emergency room, as well as emergency physicians. Due to
the retrospective nature of the study, an interrater liability might occur. Taking these shortcomings into
account, prospective validation of the presented scores is urgently needed.

5. Conclusions

Based on its three assessment criteria, including the assessment of general severity, blood pressure,
and extent of bodily injury, the mTICCS showed no significant difference in AUC when compared to
the AUCs of other established and more sophisticated scores. Yet, due to mTICCS simple applicability,
diagnosis can be made very early after hospital admission or even in the prehospital setting. Thus,
mTICCS might provide a new useful diagnostic tool to detect patients with ongoing bleeding in need
of an MT. Consequently, the time until therapy is initiated can be reduced. Prospective, follow-up
studies are needed to determine the effect of this efficiency on outcome parameters.
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Abstract: Hands are the most frequent burn injury sites. Appropriate rehabilitation is essential to
ensure good functional recovery. Virtual reality (VR)-based rehabilitation has proven to be beneficial
for the functional recovery of the upper extremities. We investigated and compared VR-based
rehabilitation with conventional rehabilitation (CON) in patients with burned hands. Fifty-seven
patients were randomized into a VR or CON group. Each intervention was applied to the affected
hand for four weeks, and clinical and functional variables were evaluated. Hand function was
evaluated before intervention and four weeks after intervention using the Jebsen-Taylor hand function
test (JTT), Grasp and Pinch Power Test, Purdue Pegboard test (PPT), and Michigan Hand Outcomes
Questionnaire (MHQ). The JTT scores for picking up small objects and the MHQ scores for hand
function, functional ADL, work, pain, aesthetics, and patient satisfaction were significantly higher in
the VR group than in the CON group (p < 0.05). The results suggested that VR-based rehabilitation
is likely to be as effective as conventional rehabilitation for recovering function in a burned hand.
VR-based rehabilitation may be considered as a treatment option for patients with burned hands.

Keywords: virtual reality; burn; hand

1. Introduction

The distal parts of the upper extremities are the most common sites of thermal injury. The hand is
one of the three most common joints of scar contracture deformity following a burn injury [1,2]. Some
studies have reported that the total body surface area grafted and injury to the right dominant hand
are some of the predictors of hand contracture [1]. The loss of hand function after a burn can have a
crucial effect on the activities of daily living (ADL). Some reports have noted that two-thirds of the
patients with deep hand burns change their profession because of their hand functional disorder [3].
Functionally, hand contractures may affect one’s ability to perform ADL, such as dressing, eating, and
grooming as well as fine motor tasks such as typing, writing, and occupational activities. Common
complications after a burn to the hand include joint deformities, sensory impairment, scar contracture,
and postburn edema [3].

Appropriate rehabilitation is important to ensure that good functional recovery is achieved [4,5].
Burned hands are usually treated and managed by a multidisciplinary team at a burn center to
conservatively manage hypertrophic scars and soft tissue contractures. Rehabilitation of the burned
hand should be initiated in the acute stages by means of individualized positioning, splinting, and
exercise for improving functional activity [6,7]. Frequent exercise throughout the day is more beneficial
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than one session of intensive exercise [8,9]. Repeated range of motion (ROM) exercises are helpful in
decreasing edema and conditioning the tissue. Despite rehabilitation of the burned hand, impaired
hand function may remain [10]. Many interventions have been developed and tested for patients with
burns; however, the strategies of hand rehabilitation remain controversial [11,12].

Recent studies have recommended repetitive exercises using virtual reality (VR) for functional
recovery from upper extremity disorders [13,14] because the effectiveness of task-specific training
improved when tasks were ordered in a random practice sequence using repetition and positive
feedback. Many types of VR-based rehabilitation apparatus, from commercial video game equipment
to robotics, are currently being developed and used. The RAPAEL Smart GloveTM (Neofect, Yong-in,
Korea) is a VR rehabilitation tool designed for the distal upper extremities [15]. VR is an interactive and
enjoyable intervention that creates a virtual rehabilitation scene in which the intensity of practice can be
systemically manipulated [16]. Recently, VR has been used in burn studies mainly for pain reduction
during acute burn dressing [17,18]. However, few studies have used VR systems for therapeutic
purposes and functional assessments in burn patients. This study aimed to evaluate the effects of
VR-based rehabilitation on burned hands and compare the results to those of matched conventional
intervention (CON) rehabilitation in patients with burns.

2. Materials and Methods

The present study was a single-blind, randomized controlled trial. We recruited 57 (54 men and
3 women) patients from the Department of Rehabilitation Medicine at Hangang Sacred Heart Hospital
in Korea between June and October 2019. Our study was registered on ClinicalTrials (NCT03865641).
The study was registered at the Ethics Committee of the Hangang Sacred Heart Hospital (2014-081).
Patients provided written informed consent. All participants’ burn scars had re-epithelialized after
split-thickness skin graft (STSG). To evaluate the effectiveness of VR rehabilitation accurately, the
comparison was limited to the right hand and wrist. We included patients aged ≥18 years with a deep,
partial-thickness (second-degree) burn or a full thickness (third-degree) burn with the involvement of
>50% of the body surface area of the dominant right hand, with joint contracture (hand and wrist).
In addition, these patients were transferred to the rehabilitation department after acute burn treatment
and less than 6 months since the onset of the burn injury (Figure 1).

 

Figure 1. Patient with a deep partial-thickness burn or a full thickness burn with the involvement of
>50% of the body surface area of the dominant right hand.
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The study excluded patients who had fourth-degree burns (involving muscles, tendons, and
bone injuries), musculoskeletal diseases (fracture, amputation, rheumatoid arthritis, and degenerative
joint diseases) involving the burned hand, neurological diseases (such as peripheral nerve disorders),
preexisting physical and psychologic disability (severe aphasia and cognitive impairment that could
influence the intervention), or severe pain impeding hand rehabilitation. Numbers were assigned to
66 burn patients according to the order of admission who satisfied all the aforementioned criteria.
A computer program was used to randomly divide them into the VR group (n = 32) or the CON group
(n = 34). One patient in the VR group completed 17 sessions before dropping out due to scheduling
conflict. Two patients in the CON group were forced to drop out before completing the study, including
one who completed 11 sessions before dropping out due to unrelated medical issues and one who
completed 18 sessions before dropping out due to a personal scheduling conflict. Three patients in
the VR group and three patients in the CON group dropped out of the study because they recovered
function in the injured hand after 20 sessions and could return to their daily life; therefore, they did not
want to undergo serial evaluations and did not visit the outpatient clinic. Data from these subjects
were not included in the analyses. Thus, patients were divided into two groups (28 patients in the VR
group and 29 patients in the CON group) (Figure 2). All patients received a four-week intervention
(20 sessions for 60 min per day). The VR group received 30-min standard therapy and 30-min VR-based
rehabilitation. The CON group received 60-min standard therapy. The VR and CON interventions
focused on the burned hand. Every effort was made to match the exercise rehabilitation in both groups
and to adapt the level of difficulty to each patient’s performance. The intervention frequency and
duration did not differ between the VR and CON groups. The rehabilitation was supervised by three
occupational therapists who had experience with VR rehabilitation tools and conventional therapy.
Therefore, all factors, except for the use of the VR system, were consistent between the 2 groups.

We applied the RAPAEL Smart GloveTM (Neofect, Yong-in, Korea) system, which combined the use
of an exoskeleton type glove and the VR system (Figure 3). This tool can be operated only through active
movement and not through passive movement. The software can be used to visualize the virtual hands
in the VR tool according to the data gathered by a glove-shaped sensor device. The training programs
demanded the following volitional movements: forearm pronation/supination, wrist flexion/extension,
wrist radial/ulnar deviation, and finger flexion/extension (Figure 4). Visual and audio feedback
informed the patients of success or failure. The patients were required to accurately complete a task in
time and with proper power to obtain high scores. The standard therapy comprised range of motion
(ROM) exercises for the burned hand, strengthening exercises of the upper extremities using tabletop
activities, manual lymphatic drainage, and desensitizing sensory stimulation of hypertrophic scars.
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Figure 2. Diagram for subject enrollment, allocation, and follow-up. VR: virtual reality; CON:
conventional rehabilitation

 

Figure 3. Virtual reality-based rehabilitation system on the burned hand of a study patient: (A) antero-
posterior view (B) lateral view.
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Figure 4. Volitional movements in the virtual reality-based rehabilitation system: (A) finger flexion/
extension, (B) forearm pronation/supination, (C) wrist flexion/extension.

A squeeze dynamometer (Lafayette Instrument, Lafayette, IN, USA) was used to measure grip
strength, and the Michigan Hand Outcomes Questionnaire (MHQ) [19] was used to assess a patient’s
perception of hand function. All MHQ scale scores are based on a scale from 0 to 100. For all scores,
except for pain scores, higher scores indicate better hand performance. For the pain scale, lower scores
indicate less pain. The Jebsen–Taylor hand function test (JTT) measured the performance speed of
standardized tasks [20]. The JTT involves a series of 7 subtests. We used a scoring system in which
each subtest score ranged from 0 to 15, and the total score ranged from 0 to 105. The Purdue Pegboard
test (PPT) was used to measure fine hand motor functions and dexterity. The scores in the PPT indicate
the numbers of pins placed in a board with 2 parallel rows of 25 holes within 30 s. The assembly score
in the PPT is assessed for the number of assembled pins, washers, and collars in 60 s. We recorded
scores for the right affected hand, both hands, and assembly. The grip strength, JTT, PPT, and MHQ
scores were measured immediately before the intervention and after the 4-week intervention. Outcome
measurements and data analyses were performed by a trained and blinded outcome assessor who was
not involved in the intervention.

Statistical analysis was performed using SPSS, version 23 (International Business Machines (IBM)
Corp., Armonk, NY, USA). Parametric data was analyzed using a paired t-test after testing for normality.
Non-parametric data was analyzed using the Mann–Whitney test and the Wilcoxon signed-rank sum
test. To examine the pretreatment homogeneity between the VR and CON groups, the Mann–Whitney
test was used for age, time to treatment, Grasp and Pinch Power Test, PPT, all areas of the JTT, and all
areas of the MHQ, with a significance level of p < 0.05. The changes before and after intervention were
compared using the independent t-test for tip pinch strength between groups. The changes before
and after intervention were compared using the Mann–Whitney test for all parameters except pinch
strength, with a significance level of p < 0.05. The scores after intervention were compared between the
two groups using the Mann–Whitney test for grasp strength, lateral pinch strength test, all areas of the
PPT, all areas of the MHQ, and all areas of the JTT. As this was the first study to assess the efficacy
of the VR-based rehabilitation in patients with burns, power calculation was based on a previous
study, which applied VR-based rehabilitation for the distal upper extremity function in patients with
stroke [15]. Accordingly, eighteen patients were required in each group to provide 80% power for
efficacy evaluation, setting the α level at 0.05. We calculated that a minimum 52 patients were needed,
considering a 30% dropout rate.
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3. Results

Within six months after a burn injury, 57 patients had received rehabilitative therapy. Before the
intervention, there were no differences in demographic and clinical characteristics between the patients
in the VR and CON groups (Table 1).

Table 1. Baseline characteristics of the study patients.

VR Group (n = 28) CON Group (n = 29) p-Value

Male: Female 28:0 26:3 0.24
Age (years) 48.07 ± 8.14 41.69 ± 14.05 0.21
Cause of burn 0.06
Flame burn 18 16
Electrical burn 2
Contact burn 6
Scalding burn 2 4
Spark burn 6 3
Time to treatment (days) 74.79 ± 24.15 83.79 ± 46.22 0.98
TBSA (%) 27.71 ± 20.15 27.38 ± 20.65
Grasp and Pinch Power Test
Grasp (kg) 4.35 ± 4.73 4.59 ± 3.98 0.53
Lateral Pinch (kg) 3.23 ± 1.38 3.97 ± 2.04 0.05
Tip Pinch (kg) 1.66 ± 1.48 1.60 ± 0.95 0.74
Jebsen Hand Function Test
Writing 11.71 ± 2.81 10.72 ± 4.73 0.78
Cards 4.21 ± 2.28 3.97 ± 3.18 0.43
Small 7.86 ± 2.21 8.41 ± 4.82 0.05
Checkers 10.43 ± 3.58 9.69 ± 4.45 0.60
Feeding 11.36 ± 3.00 11.45 ± 3.71 0.32
Light 10.21 ± 3.34 9.66 ± 5.61 0.38
Heavy 9.79 ± 3.27 9.41 ± 4.81 0.45
Perdue Pegboard Test
Affected hand 8.64 ± 3.07 8.41 ± 6.12 0.40
Both hands 6.86 ± 2.14 5.55 ± 5.21 0.58
Assembly 16.43 ± 8.70 14.34 ± 12.94 0.63
Michigan Hand Outcomes Questionnaire
Function 19.64 ± 17.16 18.10 ± 13.19 0.83
ADL 21.07 ± 20.38 20.69 ± 16.46 0.91
Work 23.21 ± 22.49 15.52 ± 18.19 0.20
Pain 50.71 ± 19.42 58.45 ± 17.38 0.16
Aesthetics 15.63 ± 19.95 16.16 ± 17.72 0.58
Satisfaction 19.64 ± 19.67 20.69 ± 16.46 0.73

VR, Virtual Reality; CON, conventional; TBSA, total burn surface area; ADL, activities of daily living; Values are
presented as mean ± standard deviation, p-values were calculated using Fisher’s exact test or a Mann–Whitney test
and a Student’s t-test.

There were significant improvements in the grasp, lateral pinch, and tip pinch strength changes
taken before and after intervention in the VR group compared with the changes in the CON group
(p = 0.03, p = 0.002, p = 0.03, respectively) (Table 2). There were no significant differences in the grasp,
lateral pinch, and tip pinch strength between the two groups after intervention (p = 0.13, p = 0.06,
and p = 0.07, respectively) (Table 3). In the JTT, the subtest scores for picking up small objects and
simulated feeding in the VR group showed significant changes, compared with the changes in the
CON group (p < 0.001 and p = 0.04) (Table 2). The subtest score for picking up small objects was
significantly higher in the VR group than in the CON group after the intervention (p = 0.01) (Table 3).
There were no significant changes between the groups in the affected hand, both hands, and assembly
(p = 0.58, p = 0.69, and p = 0.96, respectively) (Table 2). There were no significant differences in the
affected hand, both hands, and assembly between the two groups after intervention (p = 0.74, p = 0.33,
and p = 0.41, respectively) (Table 3).
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Table 2. The changes of pre-intervention and post-intervention in both groups.

VR Group (n = 28) CON Group (n = 29) p-Value

Grasp and Pinch Power Test
Grasp (kg) 3.71 ± 4.02 1.78 ± 3.17 ** 0.03
Lateral Pinch (kg) 1.31 ± 1.42 −0.46 ± 2.41 ** 0.002
Tip Pinch (kg) 0.95 ± 0.88 0.19 ± 0.95 * 0.03
Jebsen Hand Function
Test
Writing 0.64 ± 1.95 0.93 ± 1.87 0.23
Cards 0.07 ± 3.23 0.07 ± 3.13 0.96
Small 2.36 ± 2.45 −0.31 ± 3.24 ** <0.001
Checkers 0.57 ± 3.71 0.62 ± 4.32 0.81
Feeding 0.64 ± 2.42 −0.24 ± 2.85 ** 0.04
Light 1.00 ± 3.10 1.48 ± 5.47 0.69
Heavy 0.07 ± 3.16 1.14 ± 3.99 0.90
Perdue Pegboard Test
Affected hand 1.86 ± 2.46 2.21 ± 4.39 0.58
Both hands 2.93 ± 4.40 2.17 ± 3.42 0.69
Assembly 5.86 ± 8.31 5.62 ± 10.54 0.96
Michigan Hand Outcomes Questionnaire
Function 32.14 ± 11.50 26.72 ± 18.82 0.28
ADL 37.14 ± 15.95 22.59 ± 17.25 ** 0.003
Work 26.64 ± 28.25 22.07 ± 17.55 0.37
Pain −23.21 ± 24.62 −13.62 ± 21.25 0.12
Aesthetics 21.88 ± 24.62 15.22 ± 22.93 0.24
Satisfaction 30.95 ± 10.72 15.95 ± 17.22 ** 0.001

VR: Virtual Reality; CON: conventional; * p < 0.05 independent t-test; measurements between groups were compared;
** p < 0.05 Mann–Whitney test; measurements between groups were compared.

Table 3. Scores of hand function tests and the Michigan Hand Outcomes Questionnaire after intervention.

VR Group (n = 28) CON Group (n = 29) p-Value

Grasp and Pinch Power Test
Grasp (kg) 8.06 ± 6.61 6.37 ± 5.91 0.13
Lateral Pinch (kg) 4.54 ± 1.75 3.50 ± 2.69 0.06
Tip Pinch (kg) 2.61 ± 1.83 1.80 ± 1.29 0.07
Jebsen Hand Function
Test
Writing 12.36 ± 1.31 11.66 ± 4.32 0.33
Cards 4.29 ± 3.14 4.03 ± 3.21 0.69
Small 10.21 ± 1.64 8.10 ± 3.49 * 0.01
Checkers 11.00 ± 3.08 10.31 ± 3.01 0.33
Feeding 12.00 ± 2.80 11.21 ± 3.81 0.55
Light 11.21 ± 2.56 11.14 ± 3.60 0.40
Heavy 9.86 ± 3.50 10.55 ± 3.55 0.39
Perdue Pegboard Test
Affected hand 10.50 ± 3.24 10.62 ± 5.18 0.74
Both hands 9.79 ± 5.88 7.72 ± 4.53 0.33
Assembly 22.29 ± 8.20 19.97 ± 11.72 0.41
Michigan Hand Outcomes Questionnaire
Function 51.79 ± 17.91 44.83 ± 19.34 0.16
ADL 58.21 ± 18.92 43.28 ± 18.48 * 0.005
Work 47.86 ± 19.88 37.59 ± 13.73 * 0.04
Pain 27.50 ± 16.64 44.83 ± 26.57 * 0.002
Aesthetics 37.50 ± 19.39 31.38 ± 20.17 0.25
Satisfaction 50.60 ± 18.35 36.64 ± 17.55 * 0.02

VR: Virtual Reality; CON: conventional; * p < 0.05 Mann–Whitney test; measurements before the intervention and
immediately following the 4-week intervention were compared.
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In the MHQ scores, the subtest scores for functional ADL and patient satisfaction in the VR group
showed significant changes, compared with the changes in the CON group (p = 0.003 and p = 0.001)
(Table 2). There were significant improvements in the MHQ scores for functional ADL, work, pain,
and patient satisfaction differences between the two groups (p = 0.005, p = 0.04, p = 0.002, and p = 0.02)
(Table 3) No patient experienced adverse events such as skin abrasions or worsening of joint pain
during training. In addition, no surgery-related adverse events were reported.

4. Discussion

After the intervention, the subtest scores in the JTT (picking up small objects) and subscale scores
for ADL, work, pain, and satisfaction in the MHQ were significantly higher in the VR group than in the
CON group. Minimum clinically important changes for scoring system in the JTT and MHQ have not
been established in patients with burns. However, results of the JJT and MHQ showed significantly the
improvements in VR group [16,21]. Participants were able to engage with the VR system and complete
the interventions without premature withdrawal or non-adherence. A previous study has emphasized
the importance of robot-assisted rehabilitation in the acute phase after musculoskeletal injuries and
reported that it allowed the patient to mobilize the affected arm early by reducing muscle mass loss
and improving motor capacity [22]. Immobilization after burn injuries induces loss of muscle strength
and flexibility in adjacent joints. Recent studies have emphasized acute rehabilitation in patients
with burns [23]. Schwickert et al. reported that VR treatment immediately after orthopedic surgery
suppressed pain perception as the patient’s attention was highly focused on task completion [24].
The role of immersive VR in pain reduction has been proven during physical therapy and burn
wound care in patients with burns [17,18,25]. These studies found that VR rehabilitation in the acute
rehabilitation phase after STSG was well-tolerated by patients with burns.

Importantly, significant changes in multiple outcome measures were observed in the VR group
after intervention. Jeffery et al. reported that the VR system can be modified to maximize therapeutic
benefits such as improving the ROM of the shoulder and elbow joints after burn injury [26]. The tasks
in the VR system include ADLs, such as cooking, cleaning windows, squeezing oranges, and turning
over pages. The patients were required to accurately complete each task in time and with proper
power, to gain high scores. This provides a feeling of satisfaction in the MHQ that leads to positive
reinforcement. A recent randomized controlled study showed that the subtest scores in the JTT were
greater in the VR rehabilitation group than in the CON rehabilitation group in patients with hand
impairments after stroke [16]. In addition, our study found that VR-based rehabilitation may be more
effective in improving hand function as CON rehabilitation, according to the JTT and MHQ scores
(pain and satisfaction).

We found that VR rehabilitation was effective according to the MHQ scores for ADL and work.
Park et al. reported that upper extremity rehabilitation improved hand function in patients, in addition
to elbow and forearm improvement [27]. Functions that include grasp power are associated with
proximal upper extremity functions. Previous studies have found that task-specific rehabilitation
improved upper extremity functions [28]. Some reports have shown that the effects of VR-based
upper extremity rehabilitation had been transferred to untrained tasks [13,16,29]. This study found
generalized improvement in unpracticed motor tasks after intervention for ADL tasks.

Moreover, many reports regarding neurorehabilitation have suggested that for functional
recovery in the upper and lower extremities, repetitive intervention using VR is helpful and induces
neuroplasticity [14,30–32]. Saleh et al. observed the different mechanisms between robot-assisted VR
training and conventional functional rehabilitation in patients with chronic stroke using functional
magnetic resonance imaging (MRI). Their study concluded that the different neural reorganization was
due to the greater visuomotor feedback of the robot-assisted VR system than that of the conventional
functional rehabilitation [33]. Further studies are required to evaluate the changes in brain activity
or peripheral neuromuscular functions to improve our understanding of the mechanisms of VR
rehabilitation after musculoskeletal injury, including burns. This study has limitations that require
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cautious interpretation of the data, including a relatively small sample size and narrowly focused
inclusion criteria. For evaluating the efficacy of VR rehabilitation in patients with burned hand, the
hand ROM parameter could be analyzed. However, the hand ROM parameter was not included in the
routine hand function evaluations in this study. Further studies are required to compare efficacy in
terms of edema reduction and improvement in hand ROM between VR-based and CON rehabilitation
and to determine appropriate intervention levels for burned hands.

5. Conclusions

VR-based rehabilitation may be as effective as conventional hand rehabilitation for improving
hand power, hand function, and MHQ scores. Burn survivors with acute hand impairment after STSG
were able to successfully use the VR system and had significantly better scores on pain, ADL, work and
satisfaction scales on the MHQ than the control group. As a result of this study, VR-based intervention
is likely to be a clinically useful rehabilitation tool for patients with burned hands. Furthermore,
studies that include hand rehabilitation for fourth-degree burns with severe neuromuscular injuries
along with treatment intensity, frequency, and VR-based intervention interval studies are needed.
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Abstract: Nowadays, more trauma patients develop chronic critical illness (CCI), a state characterized
by prolonged intensive care. Some of these CCI patients have disproportional difficulties to
recover and suffer from recurrent infections, a syndrome described as the persistent inflammation,
immunosuppression and catabolism syndrome (PICS). A total of 78 trauma patients with an ICU stay
of ≥14 days (CCI patients) between 2007 and 2017 were retrospectively included. Within this group,
PICS patients were identified through two ways: (1) their clinical course (≥3 infectious complications)
and (2) by laboratory markers suggested in the literature (C-reactive protein (CRP) and lymphocytes),
both in combination with evidence of increased catabolism. The incidence of PICS was 4.7 per
1000 multitrauma patients. The sensitivity and specificity of the laboratory markers was 44% and
73%, respectively. PICS patients had a longer hospital stay (median 83 vs. 40, p < 0.001) and required
significantly more surgical interventions (median 13 vs. 3, p = 0.003) than other CCI patients. Thirteen
PICS patients developed sepsis (72%) and 12 (67%) were readmitted at least once due to an infection.
In conclusion, patients who develop PICS experience recurrent infectious complications that lead to
prolonged hospitalization, many surgical procedures and frequent readmissions. Therefore, PICS
forms a substantial burden on the patient and the hospital, despite its low incidence.

Keywords: PICS; trauma; immunology; infectious complications

1. Introduction

In recent decades, there has been much improvement in the clinical care for trauma patients, which
has led to a decrease in mortality by exsanguination and life-threatening inflammatory complications,
such as Acute Respiratory Distress Syndrome (ARDS), sepsis and multiple organ dysfunction syndrome
(MODS) [1,2]. In particular, the initial approach and resuscitation, the introduction of standardized
operating procedures, early hemorrhage control and improved clinical critical care have contributed to
this decrease [3–6].

The increased survival directly upon trauma and the fact that fewer patients die of inflammatory
complications nowadays has led to an increase in average intensive care unit (ICU) stay [7]. A prolonged
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ICU stay is also referred to as a state of chronic critical illness (CCI) [8,9]. Although no consensus exists
on the definition of CCI [10,11], >14 days ICU stay is often used in recent literature [8,9,12].

Some of these CCI patients suffer from poor wound healing, recurrent infections and
a disproportionately slow recovery [7,8,13]. This syndrome has been described as the ‘persistent
inflammation, immunosuppression and catabolism syndrome’ (PICS) [5,7,14], not to be confused with
the post-intensive care syndrome [15]. PICS is characterized by chronic low-grade inflammation,
suppressed host immunity and a loss of lean body mass, despite nutritional intervention [7,13]. It is
not quite clear which patients develop PICS and what the clinical course of these patients is. As the
course is suggested to be complicated with multiple infections and high mortality rates, it is essential
to identify patients at risk for PICS as early as possible. Clinical risk factors described so far include
a poor premorbid health status and an age of 65 years and above [8,13,16]. Also, previous studies
investigated readily available laboratory markers to enable identification of PICS patients shortly after
trauma. Markers suggested in the literature include decreased lymphocyte counts, increased elevated
C-reactive protein (CRP) levels and substantial weight loss or persistent decreased albumin levels [5,7].

To date, perioperative care continues to improve, and the elderly population is growing. Although
literature is scarce on the subject, it suggests that PICS will be an increasing problem for ICU patients [13].
Therefore, the objectives of this study were to investigate the incidence of PICS after trauma in a Level
I trauma center to determine the clinical course of these patients and to test the postulated markers to
identify PICS patients in this study population.

2. Materials and Methods

2.1. Study Design

We conducted a 11 year retrospective cohort study of severely injured trauma patients admitted to
the University Medical Center Utrecht (UMCU) from 1 January 2007 to 31 December 2017. PICS patients
were identified in two ways: (1) by their clinical course and (2) by markers described in the literature [5,
7,16]. The incidence of PICS was calculated, and the sensitivity and specificity of the markers
were analyzed.

2.2. Patients

As an intensive care stay of >2 weeks is the common denominator in most definitions of CCI
and PICS, all patients ≥16 years of age with an ICU stay of 14 or more consecutive days during
hospitalization were selected from the trauma registry database of the UMC Utrecht. Patients were
excluded if they were admitted to the ICU for other reasons than critical illness (e.g., logistical reasons
or requiring ventilation support due to spinal cord lesions). Also, patients with isolated neurotrauma
(e.g., traumatic brain injury or spinal cord injury) were excluded because these patients often have
a prolonged ICU stay in the absence of systemic pathologies. Isolated neurotrauma was defined as
having brain injury without injuries in other regions with an abbreviated injury scale (AIS) ≤2 [17].
Patient characteristics and data concerning trauma mechanism, treatment and complications were
obtained. These data were collected from the prospective trauma registry and supplemented with
hematological data from the Utrecht Patient Oriented Database (UPOD) and clinical data from the
medical record system. The technical details of the UPOD have been described elsewhere [18].
In short, this database is an infrastructure of relational databases that allows (semi) automated transfer,
processing and storage of data, including administrative information, medical and surgical procedures,
medication orders, and laboratory test results for all clinically admitted patients and patients attending
the outpatient clinic of the UMC Utrecht since 2004.

2.3. Definitions, Variables and Outcomes

CCI is used for patients with a prolonged ICU stay and PICS is used for a subset of CCI patients
who exhibit a clinical phenotype consisting of inflammation, immunosuppression and catabolism.
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However, no uniform definitions exist for either CCI or PICS. An overview of the definitions used in
this study is given in Figure 1. We defined CCI as an ICU stay of ≥14 days. Furthermore, we defined
PICS clinically as: ICU stay of ≥14 days, ≥3 infectious complications and evidence of a catabolic
state. A catabolic state was defined as either weight loss >10%, Body Mass Index (BMI) <18 or
albumin <30 g/L during hospitalization [7]. If none of these markers for catabolic state were available
(which was the case in 4/78 patients), the medical record system was searched for the nutritional
state of the patient in dietitians’ notes, explicitly stating if the patient was in a catabolic state or
not. An infectious complication was defined as an infection during hospitalization which required
some kind of intervention (either pharmacological, surgical or radiological) or a readmission due to
an infection after discharge. Patients meeting these criteria were considered to be the “clinical PICS
group”. This group was compared to other CCI patients not meeting these criteria.

Secondly, an attempt was made to identify PICS using the markers suggested in the literature
(the PICS markers-positive group) [5,7]. Patients were considered to be PICS markers-positive if
they had ≥2 days of immunosuppression (lymphocyte count <0.8 × 109/L), ≥2 days of inflammation
(CRP >50 mg/L) and a catabolic state as described above, during the first 30 days of hospitalization.
PICS markers-positive patients were compared to other CCI patients not meeting these criteria (PICS
markers-negative).

Infectious complications, hospital length of stay (LOS), ICU LOS, readmissions due to infectious
complications, surgical procedures during hospitalization and surgical procedures after discharge,
but related to the initial trauma or to acquired complications, were collected. Sepsis was defined as
an increase in the sequential organ failure assessment (SOFA) score of 2 points or more in response to
infection, according to the third international consensus definition for sepsis (Sepsis-3) [19]. Multitrauma
was defined as Injury Severity Score (ISS) ≥ 16 [20]. Massive transfusion was defined as >10 units
packed red blood cells within 24 h.

Figure 1. Overview of definitions used in this study and number of patients who fulfilled criteria
according to these definitions. CCI = chronic critical illness, PICS = persistent inflammation,
immunosuppression and catabolism syndrome, ICU = intensive care unit, BMI = Body Mass Index.

2.4. Statistical Analysis

All data were analyzed with IBM SPSS version 25(IBM Corporation, New York City, NY, USA).
Distribution of normality was tested using the Shapiro–Wilk test. Continuous patient characteristics
were presented as median with interquartile range (IQR) and compared using the Mann–Whitney
U test, because the data were not normally distributed. The Fisher exact test was used to compare
categorical patient data. Laboratory values are depicted as median with IQR because values were not
normally distributed. Statistical significance was defined as a p-value < 0.05. Incidence was determined
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using the clinically identified PICS patients and calculated per 1000 trauma and multitrauma patients
admitted to this hospital annually. The sensitivity and specificity of the markers were tested for our
population using the clinical PICS group as gold standard. To compare lymphocytes and CRP between
groups over time and to correlate for within-subject correlation, a linear generalized estimated equation
(GEE) was used with an AR-1 correlation structure.

2.5. Ethics

A waiver was provided by the institutional medical ethics committee for this retrospective analysis
of this prospectively collected database. In addition, in line with the academic hospital policy, an opt-out
procedure was in place for use of patient data for research purposes. The process and storage of data
were in accordance with privacy and ethics regulations. Data were analyzed anonymously.

3. Results

3.1. PICS Incidence

Between 2007 and 2017, 13,576 trauma patients were admitted to the UMC Utrecht. Of these
patients, 3859 were multitrauma patients and a total of 183 patients were admitted to the ICU for
14 days or longer (Figure 2). Two patients were excluded because they had no ICU indication (but
needed ventilation support due to preexisting pathologies, which could not be provided elsewhere
due to logistical reasons), and a total of 103 patients were excluded because of isolated neurotrauma.

The remaining 78 patients fulfilled the criteria for CCI. The incidence of CCI in our trauma
population was therefore 5.7 per 1000 trauma patients and 20 per 1000 multitrauma patients. Of the
78 CCI patients, 18 patients met the criteria for the “clinical PICS group” (Table 1) and 22 patients
met the criteria for the “PICS markers-positive group” (Table 2). A total of eight patients fulfilled the
criteria for both groups. Based on clinically identified PICS patients, the incidence of PICS was 1.3 per
1000 trauma patients and 4.7 per 1000 multitrauma patients were admitted to our center.

Figure 2. Flowchart of patient inclusion.

3.2. Clinical PICS Patients vs. Other CCI Patients

Clinical PICS patients received massive transfusion twice as often as the other CCI patients
(67% vs. 33%, p = 0.015). Despite the long ICU stay in both groups, the clinical PICS patients were
hospitalized twice as long as the other CCI patients (83 vs. 40 days, p < 0.001) (Table 1). ICU stay
and duration of mechanical ventilation were also significantly longer for the clinical PICS group
(30 vs. 19 days, p = 0.006 and 17 vs. 20 days, p = 0.001, respectively). Thirteen clinical PICS patients
(72%) developed sepsis, while only 10 other CCI patients (17%) developed sepsis (p < 0.001). Also,
PICS patients developed significantly more infections with multi-drug resistant organisms (p = 0.000).
The number of readmissions due to infectious causes was significantly higher in the clinical PICS
group (67% vs. 13%, p < 0.001). Surgical procedures during hospitalization were required for all (100%)
clinical PICS patients and 61% needed additional surgical procedures after discharge related to the
initial trauma or due to infectious complications. These percentages were significantly lower for the
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other CCI patients (73%, p = 0.016 and 22% p = 0.001). The number of surgical procedures per patient
was higher in the PICS group too, both during hospitalization (eight vs. two, p < 0.001) as well as after
discharge (three vs. 0, p = 0.006). During hospitalization, one clinical PICS patient died due to sepsis.
Of the other CCI patients, three died due to irreversible neurological injuries and one due to sepsis
during hospitalization. Within 3 years after trauma, an additional two clinical PICS patients died, one
due to sepsis and one due to an unknown cause. Also, six other CCI patients died, one due to sepsis
and five due to unknown causes.

3.3. PICS Markers-Positive Group vs. Other CCI Patients

Patients in the PICS markers-positive group had a significantly longer ICU stay than those not
fulfilling the criteria (27 vs. 19 days, p < 0.001) (Table 2). Also, these patients more often required
dialysis (five vs. 0, p = 0.001) and were significantly longer mechanically ventilated (27 versus 17 days,
p = 0.000). Significantly more patients had infectious complications in the PICS markers-positive
group (90% vs. 66%, p = 0.045) and there were more infectious complications per patient in the
PICS markers-positive group (median of 2 vs. 0, p = 0.008). Sepsis also occurred more in the PICS
markers-positive group (50% vs. 21%, p = 0.025). During hospitalization, three patients died in the
PICS markers-positive group (two sepsis, one neurological injury) and two patients died in the PICS
markers-negative group due to neurological injuries. Within 3 years after trauma, an additional two
patients died in the PICS markers-positive group (one sepsis, one unknown) and six patients died in
the PICS markers-negative group (one sepsis, five unknown).

Table 1. Patient characteristics of clinically identified PICS patients vs. other CCI patients.

Characteristics
Entire Cohort

(n = 78)
No PICS
(n = 60)

Clinical PICS
(n = 18)

p-Value

Gender, male (%) 63 (80.8%) 48 (80.0%) 15 (83.3%) 0.999

Age 49 (32–65) 46 (28–62) 57 (45–68) 0.086

Injury severity score 34 (26–42) 34 (27–41) 29 (22–48) 0.548

Injury mechanism

0.261
Traffic accident 51 (65.4%) 39 (65.0%) 12 (66.7%)
Fall from height 18 (23.1%) 15 (25.0%) 3 (16.7%)
Crush injury 4 (5.1%) 2 (3.3%) 2 (11.1%)
Other 5 (6.4%) 4 (6.9%) 1 (5.6%)

Massive transfusion protocol 32 (41.0%) 20 (33.3%) 12 (66.7%) 0.015

Hospital days 43 (35–63) 40 (31–52) 83 (41–106) <0.001

ICU days 20 (16–29) 19 (16–26) 30 (19–37) 0.006

Tracheostomy 45 (57.7%) 33 (55.0%) 12 (66.7%) 0.427

Mechanical ventilation days 20 (15–27) 17 (14–26) 20 (27–38) 0.001

Continuous veno-venous hemofiltration 5 (6.4%) 2 (3.3%) 3 (16.7%) 0.078

Infectious complications 57 (73.1%) 39 (65.0%) 18 (100%) 0.002

Per patient 1 (0–2) 1 (0–1) 3 (3–3) <0.001

Sepsis * 23 (29.5%) 10 (16.7%) 13 (72.2%) <0.001

Type of infections

Pneumonia 40 (51.3%) 28 (46.7%) 12 (66.7%) 0.185
Surgical site infection 14 (17.9%) 6 (10.0%) 8 (44.4%) 0.002

Blood stream infection 15 (19.8%) 6 (10.0%) 9 (50.0%) 0.001

Infected OSM 7 (9.0%) 1 (1.7%) 6 (33.3%) <0.001

UTI 5 (6.4%) 4 (6.7%) 1 (5.6%) 0.999
Abscess 4 (5.1%) 2 (3.3%) 2 (11.1%) 0.226
Other 12 (15.4%) 5 (8.3%) 7 (38.9%) 0.005
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Table 1. Cont.

Characteristics
Entire Cohort

(n = 78)
No PICS
(n = 60)

Clinical PICS
(n = 18)

p-Value

Multi-drug resistant organisms

0.000

MRSA 1 (1.3%) 0 (0%) 1 (5.6%)
ESBL 5 (6.4%) 3 (5.0%) 2 (11.1%)
MDR-GNB 5 (6.4%) 1 (1.7%) 4 (22.2%)
Multi-drug resistant Pseudomonas 2 (2.6%) 0 (0%) 2 (11.1%)
Multi-drug resistant Acinobacter 2 (2.6%) 1 (1.7%) 1 (5.6%)

Infectious readmissions 20 (25.6%) 8 (13.3%) 12 (66.7%) <0.001

Per patient 0 (0–0) 0 (0–0) 1 (0–3) <0.001

Total infectious complications during or after
hospitalization per patient 1 (0–3) 1 (0–2) 6 (3–7) <0.001

Surgical procedures during hospitalization 62 (79.5%) 44 (73.3%) 18 (100%) 0.016

Per patient 3 (1–6) 2 (0–5) 8 (3–13) <0.001

Surgical procedures after discharge 27 (34.6%) 16 (22.4%) 11 (61.1%) 0.011

Per patient 2 (0–2) 0 (0–1) 3 (0–5) 0.006

Total surgical procedures during or after
hospitalization per patient 3 (1–7) 3 (1–5) 13 (2–22) 0.003

Discharge

0.931
Other hospital 8 (10.3%) 7 (11.7%) 1 (5.6%)
Nursing home 11 (14.1%) 9 (15.0%) 2 (11.1%)
Rehabilitation facility 27 (34.6%) 19 (31.7%) 8 (44.4%)
Home (+/− additional care) 27 (34.6%) 21 (25.0%) 6 (33.3%)

Total mortality 13 (16.6%) 10 (16.6%) 3 (16.7%) 1.000

In hospital 5 (6.4%) 4 (6.7%) 1 (5.6%) 1.000
<3 years 8 (10.3%) 6 (10.0%) 2 (11.1%) 1.000

All data are shown as n (%) or median (IQR). CCI = chronic critical illness. ICU = Intensive care unit.
OSM = Osteosynthesis material. UTI = Urinary tract infection. MRSA = Methicillin-resistant Staphylococcus
aureus. ESBL = Extended Spectrum Beta-Lactamase. MDR-GNB = Multidrug-resistant Gram-negative bacilli.
Mortality <3 years does not include mortality during hospitalization. Variables are compared between patient
meeting the clinical PICS criteria and those not meeting the clinical PICS criteria with a Fisher’s exact test,
a Mann–Whitney U test or a Student T-test * Sepsis = defined as an increase in SOFA score >2 within a day in
response to infection.

Table 2. Characteristics of CCI patients with positive PICS markers vs. other CCI patients.

Characteristics
Entire Cohort

(n = 78)
No PICS Markers

(n = 56)
PICS Markers

(n = 22)
p-Value

Gender, male (%) 63 (80.8%) 45 (80.4%) 18 (81.8%) 0.999

Age 49 (32–65) 49 (33–66) 40 (27–63) 0.512

Injury severity score 34 (26–42) 34 (29–43) 29 (20–42) 0.147

Injury mechanism

0.702
Traffic accident 51 (65.4%) 36 (64.2%) 15 (68.2%)
Fall from height 18 (23.1%) 14 (25%) 4 (18.2%)
Crush injury 4 (5.1%) 3 (5.4%) 1 (4.6%)
Other 5 (6.4%) 3 (5.4%) 2 (9.1%)

Massive transfusion protocol 32 (41.0%) 21 (37.5%) 11 (50.0%) 0.322

Hospital days 43 (35–63) 42 (34–60) 50 (35–93) 0.281

ICU days 20 (16–29) 19 (16–25) 27 (23–36) <0.001

Tracheostomy 45 (57.7%) 31 (55.4%) 14 (63.6%) 0.613

Mechanical ventilation days 20 (15–27) 17 (14–26) 27 (22–37) 0.000

Continuous veno-venous hemofiltration 5 (6.4%) 0 (0%) 5 (22.7%) 0.001
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Table 2. Cont.

Characteristics
Entire Cohort

(n = 78)
No PICS Markers

(n = 56)
PICS Markers

(n = 22)
p-Value

Infectious complications 57 (73.1%) 37 (66%) 20 (90%) 0.045

Per patient 1 (0–2) 1 (0–2) 2 (1–3) 0.008

Sepsis * 23 (29.5%) 12 (21.4%) 11 (50%) 0.025

Type of infections

Pneumonia 40 (51.3%) 24 (42.9%) 16 (72.7%) 0.024

Surgical site infection 14 (17.9%) 11 (9.6%) 3 (13.6%) 0.746
Blood stream infection 15 (19.8%) 8 (14.3%) 7 (31.8%) 0.110
Infected OSM 7 (9.0%) 3 (5.4%) 4 (18.2%) 0.094
UTI 5 (6.4%) 4 (7.1%) 1 (4.5%) 0.999
Abscess 4 (5.1%) 1 (1.8%) 3 (13.6%) 0.066
Other 12 (15.4%) 7 (12.5%) 5 (22.7%) 0.303

Multi-drug resistant organisms 0.233

MRSA 1 (1.3%) 1 (1.8%) 0 (0%)
ESBL 5 (6.4%) 3 (5.4%) 1 (4.5%)
MDR-GNB 5 (6.4%) 2 (3.6%) 1 (4.5%)
Multi-drug resistant Pseudomonas 2 (2.6%) 1 (1.8%) 1 (4.5%)
Multi-drug resistant Acinobacter 2 (2.6%) 1 (1.8%) 1 (4.5%)

Infectious readmissions 20 (25.6%) 13 (23.2%) 7 (31.8%) 0.565
Per patient 0 (0–0.25) 0 (0–0) 0 (0–1) 0.246

Total infectious complications during or after
hospitalization per patient 1 (0–3) 1 (0–2) 2 (1–5) 0.018

Surgical procedures during hospitalization 62 (79.5%) 46 (82.1%) 16 (72.7%) 0.365
Per patient 3 (1–6) 3 (1–5) 3 (0–9) 0.720

Surgical procedures after discharge 27 (34.6%) 20 (35.7%) 7 (31.8%) 0.797
Per patient 2 (0–2) 0 (0–1) 0 (0–2) 0.937

Total surgical procedures during or after
hospitalization per patient 3 (1–7) 3 (1–7) 3 (0–14) 0.980

Discharge

0.488
Other hospital 8 (10.3%) 5 (8.9%) 3 (13.6%)
Nursing home 11 (14.1%) 9 (16.1%) 2 (9.1%)
Rehabilitation facility 27 (34.6%) 20 (35.7%) 7 (31.8%)
Home (+/− additional care) 27 (34.6%) 20 (35.7%) 7 (31.8%)

Totally mortality 13 (16.6%) 8 (14.3%) 5 (22.7%) 0.500

In hospital 5 (6.4%) 2 (3.6%) 3 (13.6%) 0.133
<3 years 8 (10.3%) 6 (10.7%) 2 (9.1%) 1.000

All data are shown as n (%) or median (IQR). CCI = chronic critical illness. ICU = Intensive care unit.
OSM = Osteosynthesis material. UTI = Urinary tract infection. MRSA = Methicillin-resistant Staphylococcus
aureus. ESBL = Extended Spectrum Beta-Lactamase. MDR-GNB = Multidrug-resistant Gram-negative bacilli.
Mortality <3 years does not include mortality during hospitalization. Variables are compared between patient
meeting the clinical PICS criteria and those not meeting the clinical PICS criteria with a Fisher’s exact test,
a Mann–Whitney U test or a Student T-test * Sepsis = defined as an increase in SOFA score >2 within a day in
response to infection.

3.4. Testing the Accuracy of PICS Markers

3.4.1. Sensitivity and Specificity

The total population consisted of 78 patients. Eighteen PICS patients were clinically identified
(clinical PICS). Of these patients, eight patients were also identified as PICS patients using the PICS
markers. Therefore, of the 22 patients who were in the PICS markers-positive group, 14 did not have
clinical evidence of PICS. This resulted in a sensitivity of 44% and a specificity of 77% in our study
population (Table 3).
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Table 3. PICS markers tested for sensitivity and specificity in the study population.

Total Cohort
(n = 78)

Clinical PICS
(n = 18)

Other CCI Patients
(n = 60)

PICS markers (n = 22) n = 8 n = 14 Positive predictive value = 36%
No PICS markers (n = 56) n = 10 n = 46 Negative predictive value = 82%

Sensitivity = 44% Specificity = 77%

PICS markers+ = patients with positive PICS markers, PICS markers− = patients not fulfilling the PICS markers
criteria. Sensitivity = 8/18 × 100. Specificity = 46/60 × 100. Positive predictive value = 8/22 × 100. Negative
predictive value = 46/56 × 100.

3.4.2. Lymphocytes and CRP

No significant differences were found in lymphocyte count (β = 0.02, p = 0.999) and CRP levels
(β = −0.12, p = 0.999) between patients who developed clinical PICS and patients who did not develop
PICS. Median lymphocyte count was within criterion values (>0.8 × 109/L) and median CRP levels
were outside criterion values (>50 mg/L) for both groups during the first month after trauma (Figure 3).
Although not significant, there was a trend towards lower lymphocyte counts in clinical PICS patients
during the first week after trauma. When comparing clinical PICS patients with lymphocytopenia
(≥2 days of lymphocyte count <0.8 × 109/L) to clinical PICS patients without lymphocytopenia (Table 4),
these patients did have a longer ICU stay (27 vs. 19, p = 0.001), longer duration of mechanical ventilation
(35 vs. 21 days, p = 0.001), more infectious complications per patient (six vs. three, p = 0.020) and more
surgical procedures per patient after initial discharge (0 vs. five, p = 0.037).

Figure 3. C-reactive protein levels and lymphocyte counts in clinically identified PICS patients (clinical
PICS) in red and other CCI patients (no PICS) in green. Grey areas depict reference values. Data are
presented as median with interquartile range.

Table 4. Outcome comparison of clinical PICS patients with lymphocytopenia ** versus clinical PICS
patients without lymphocytopenia.

Characteristics
Normal Lymphocyte

Count (n = 9)
Lymphocytopenia

(n = 9)
p-Value

Hospital days 58 (40–128) 92 (71–110) 0.401

ICU days 19 (16–25) 27 (23–36) 0.001

Tracheostomy 4 (44.4%) 8 (88.9%) 0.131

Mechanical ventilation days 21 (16–27) 35 (31–60) 0.001

Continuous veno-venous hemofiltration 0 (0%) 3 (33.3%) 0.206

Infectious complications during hospitalization 9 (100%) 9 (100%) 0.999
Per patient 3 (3–3) 3 (3–4) 0.090

280



J. Clin. Med. 2020, 9, 191

Table 4. Cont.

Characteristics
Normal Lymphocyte

Count (n = 9)
Lymphocytopenia

(n = 9)
p-Value

Multi-drug resistant organisms

0.217
MRSA 1 (11.1%) 0 (0%)
ESBL 2 (22.2%) 0 (0%)
MDR-GNB 1 (11.1%) 3 (33.3%)
Multi-drug resistant Pseudomonas 0 (0%) 2 (22.2%)
Multi-drug resistant Acinobacter 0 (0%) 1 (11.1%)

Sepsis * 7 (77.8%) 6 (66.7%) 0.999

Infectious readmissions 5 (55.6%) 7 (77.8%) 0.620
Per patient 1 (0–1) 2 (1–5) 0.050

Total infectious complications during or after
hospitalization per patient 3 (3–4) 6 (4–8) 0.020

Surgical procedures during hospitalization 9 (100%) 9 (100%) 0.999
Per patient 4 (2–10) 9 (6–15) 0.156

Surgical procedures after discharge 4 (44.4%) 7 (77.8%) 0.335
Per patient 0 (0–3) 5 (1–15) 0.037

Total surgical procedures during or after
hospitalization per patient 7 (2–12) 17 (8–24) 0.051

Discharge

0.091
Other hospital 1 (11.1%) 1 (11.1%)
Nursing home 1 (11.1%) 1 (11.1%)
Rehabilitation facility 2 (22.2%) 6 (66.7%)
Home (+/− additional care) 5 (55.6%) 1 (11.1%)

Totally mortality 0 (0%) 2 (22.2%) 0.471

In hospital 0 (0%) 1 (11.1%) 0.999
<3 years 0 (0%) 1 (11.1%) 0.999

All data are shown as n (%) or median (IQR). ICU = Intensive care unit. OSM = Osteosynthesis material.
UTI = Urinary tract infection. MRSA = Methicillin-resistant Staphylococcus aureus. ESBL = Extended Spectrum
Beta-Lactamase. MDR-GNB =Multidrug-resistant Gram-negative bacilli. Mortality <3 years does not included
mortality during hospitalization. Variables are compared between patient meeting the PICS markers criteria and
those not meeting the PICS markers criteria with a Fisher’s exact test, a Mann–Whitney U test or a Student T-test
* Sepsis = defined as an increase in SOFA score >2 in response to infection. ** Lymphocytopenia = defined as
lymphocyte count below 0.8 × 109/L for 2 or more consecutive days.

4. Discussion

In this study, we identified 18 PICS patients in eleven years, which translates to an incidence of
4.7 per 1000 multitrauma patients admitted to our level 1 trauma center annually. Both in-hospital
mortality and 3 year mortality was low in the clinical PICS group. It may seem that PICS is a negligible
problem with rather low incidence rates and high survival rates. However, PICS forms a substantial
burden on the daily life of patients who develop the syndrome. These patients often require frequent
and complex medical care up to 3 years after trauma. Also, they experience recurrent, sometimes
life-threatening, recognition infections and require recurrent surgical procedures for this.

Costs of long-term medical care, and especially critical and surgical care, are high. The costs
of an ICU and ward bed were recently calculated at approximately €2200 and €450 per day in the
Netherlands, respectively [21]. Since PICS patients had an average of 30 days in the ICU and 83 days in
the hospital, the average cost of total hospital stay is estimated at €89.850 per PICS patient. Compared
to the average hospitalized trauma patient, these expanses are estimated to be a thirteen fold difference
at least, based on average Dutch length of hospital and ICU stay reported in the literature [22,23].
This is a gross underestimation, since it does not include costs of imaging, medication, surgical
procedures [24], readmissions and long-term care facilities. Therefore, PICS accounts for a substantial
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part of trauma-related expenses and forms an exuberant financial burden on the hospital, despite its
low incidence.

The adverse outcomes associated with PICS were most evident in the clinically identified PICS
patients. Outcomes of patients identified by the previously suggested markers were not as bad as
those of the clinical PICS patients, but slightly worse than outcomes of other CCI trauma patients.
This suggests that the PICS markers are not accurate enough to detect the clinically relevant PICS
patients with the worst outcomes. This was supported by the low marker sensitivity and specificity
found in this study.

Besides these laboratory markers, which are described to facilitate the detection of PICS, an ICU
length of stay of 14 days or longer is a frequently described criterion for PICS [8]. Therefore, we used
this as an inclusion criterion in our study to make a selection in the many trauma patients who were
admitted over eleven years. However, ICU care differs greatly among countries, making a cut-off
in ICU days an arguable criterion. In some countries, patients are not admitted to the ICU because
of critical illness, but because a higher nurse to patient ratio is needed for other reasons or simple
monitoring is required. In other countries however, patients are only admitted to the ICU when they
are severely ill or require mechanical ventilation, such as in our hospital [25,26]. When there is no
need for mechanical ventilation, but patients do need more care than a ward can deliver, patients are
typically admitted to the intermediate care unit (IMCU) in our hospital. Therefore, it is possible that
higher PICS incidence rates are found in countries with no IMCU or with different admission criteria
for the ICU.

Furthermore, retrospective identification of a catabolic state in trauma patients can be challenging.
Although BMI< 18 is a fairly undisputed criterion for poor nutritional state, body weight can, especially
in the ICU, fluctuate daily (e.g., under influence of fluid in and output) [27]. Albumin (half-life of
14–20 days) is widely used to assess the nutritional status of patients, but is also a negative acute-phase
protein and thus decreases when a patient experiences physiological stress (e.g., infection, surgery or
trauma) [28]. Other markers for catabolism also included pre-albumin, retinol-binding protein (RBP)
and creatinine-height index (CHI) [7], but these were not retrospectively available. Pre-albumin is also
a negative acute phase protein, but with a shorter (2–3 days) half-life and smaller body pool, which
theoretically makes it a more reliable indicator for nutrition. However pre-albumin, RBP and CHI, are
all greatly influenced by renal function, infection and trauma as well [28,29].

It is not surprising that the specificity of these markers was low. CRP is an acute-phase protein,
that is elevated due to many causes, including trauma, surgical procedures and infections [30–33].
Many PICS and other CCI patients underwent surgical procedures and developed infections in their
first week after admission. Furthermore, lymphocytes are affected by trauma and infection and failure
to normalize lymphopenia was described to increase mortality after trauma [34,35]. However, no
significant difference in lymphocyte counts was found between PICS patients and other CCI patients,
suggesting that this marker is not adequate to identify PICS. On the other hand, PICS patients who did
have low lymphocyte counts had worse outcomes than PICS patients who did not have this. Therefore,
although lymphocyte counts alone cannot be used to identify PICS, lymphocyte counts might be
a useful addition to identify the PICS patients with the worst outcomes.

Hence, the PICS markers described so far are nonspecific, insensitive and arguable, and there is
a need for better biomarkers to identify PICS. Recently, automated flow cytometry became available
which enables fast and point-of-care analysis of receptor expression of immune cells [36,37]. Further
research should investigate if such analyses can be used to identify patients at risk for PICS in
an early stage. Early identification of patients at risk would enable earlier interventions. Although
no specific treatment options exist so far, these patients might benefit from an immunoprotective
protocol. Nowadays, trauma patients at risk for adverse inflammatory outcomes, often undergo
damage control surgery, damage control orthopedics and damage control resuscitation [38,39]. Patients
at risk for PICS are likely to benefit from these damage control strategies as well. In addition, limited
evidence suggests that enhanced nutritional support (e.g., the addition of addition of arginine and
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glutamine [40]) and adjusted prophylactic antibiotic strategies [41,42] can have an immunoprotective
effect in critically ill trauma patients. It is tempting to speculate that combining these interventions
into an immunoprotective protocol, could improve clinical outcomes of patients at risk for PICS.
Furthermore, it is remarkable that the mortality rate amongst PICS patients is low, in contrast to what
was previously suggested in the literature [43]. This suggests that it is justified to keep continuing
supportive treatment in PICS patients despite recurrent severe adverse outcomes.

The main limitation of this study was that there is no consensus on the definition for PICS in
the literature. PICS is considered a clinical diagnosis, often recognized by a disproportionally long
ICU/hospital stay, recurrent and nosocomial infections, failure to rehabilitate and disproportional
weight loss. Physicians identify PICS patients through a combination of these characteristics, which
to date, have not been well translated into criteria. The PICS definition for this study (≥3 infections,
ICU stay of ≥14 days, evidence of catabolic state) was therefore based on the clinical course of the
patients and was chosen during a consensus meeting with trauma surgeons treating these patients.
Although this was needed to objectify the incidence of PICS, it is possible that this led to a slight
overestimation or underestimation of the PICS incidence. Another limitation was the retrospective
design of the study. Due to this, we were only able to obtain regular laboratory data. Genomic data or
phenotypic cellular data were not available. Furthermore, other measures (e.g., urine 3-methylhistidine)
or modalities (e.g., dedicated ultrasound) to detect disproportional muscle loss, were not available.
Also, a limitation of a retrospective design is the change of missing values. However, because the data
were extracted from the UPOD, and the UPOD contains all hematological parameters irrespective of
the requested parameter, the number of missing values (e.g., lymphocyte counts and CRP levels) was
limited. Moreover, laboratory values are generally requested daily for trauma patients in the ICU.
Therefore, there were barely any missing values during the patients’ ICU stay.

In conclusion, there is a need for a clear PICS definition and better markers to detect PICS.
Patients who develop PICS experience recurrent inflammatory complications that lead to frequent
readmissions and surgical procedures. Furthermore, infectious complications are frequently the result
of multi-drug-resistant organisms. Therefore, PICS forms a substantial burden on the patient and
a significant burden on hospitals, despite its low incidence.
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Abstract: Although the treatment of multiple-injured patients has been improved during the last
decades, sepsis and multiple organ failure (MOF) still remain the major cause of death. Following
trauma, profound alterations of a large number of physiological systems can be observed that
may potentially contribute to the development of sepsis and MOF. This includes alterations of the
neuroendocrine and the immune system. A large number of studies focused on posttraumatic
changes of the immune system, but the cause of posttraumatic immune disturbance remains to
be established. However, an increasing number of data indicate that the bidirectional interaction
between the neuroendocrine and the immune system may be an important mechanism involved in
the development of sepsis and MOF. The aim of this article is to highlight the current knowledge of
the neuroendocrine modulation of the immune system during trauma and sepsis.

Keywords: trauma; sepsis; DHEA; steroids; catecholamine

1. Introduction

Despite profound improvements in the initial care and in the treatment of multiple injured patients
that follows, MOF and sepsis represent an ongoing threat [1,2]. It is assumed that the posttraumatic
changes of the immune system crucially contribute to the development of these complications
in multiple-injured patients. This includes pro- and anti-inflammatory changes of the immune
system while an excessive reaction of both of the components leads to a massive disturbance of the
immunological homeostasis [2–4].

Parallel to the changes of the immune system in multiple-injured as well as in septic patients,
neuroendocrine systems are activated. Activation of the sympatho-adrenergic system (SAS) leads to a
massively increased release of the catecholamines adrenaline and noradrenaline into the circulation [5,6].
The released adrenaline mainly originates from the adrenal medulla, and the noradrenaline mainly
originates from the postganglionic sympathetic nerve fibers [6]. An increased release of catecholamines
occurs in the initial stage as well as in the acute and late stage of sepsis and is enhanced by the released
pro-inflammatory cytokines (Interleukin (IL)-6, Tumor Necrosis Factor (TNF)-α) [6]. Furthermore,
the spleen, the lung and the gut-associated lymphoid tissue (GALT) are tightly sympathetically
innervated and play a crucial role with respect to the adrenergic modulation of the immune system.
In addition, it could be demonstrated that most of the cells of the immune system are equipped with
α- as well as β-adrenergic receptors on their cell surface and that many of these cells are able to
synthesize catecholamines themselves [7].

Apart from the activation of the SAS, a massive release of hormones of the hypothalamic–
pituitary–adrenal axis (HPA-axis) or the hypothalamic–gonadal axis (HPG-axis) is found [5,6].
Activation of the HPA-axis is detectable after severe traumata as well as in septic patients and
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is responsible for a massive increase of cortisol and its release hormone ACTH. Here, the stimulation of
the HPA-axis by pro-inflammatory cytokines like TNF-α, IL-1 and IL-6 plays a crucial role [8]. Between
the amount of the cortisol level and the severity of the illness, a positive correlation exists. In cases of a
prolonged course of disease, a peripheral glucocorticoid resistance develops characterized by normal
or decreased ACTH and elevated cortisol levels [6].

With regard to the HPG-axis, which is likewise controlled by the release of hormones of the
hypothalamus, decreased testosterone levels could be found in men after severe trauma and during
sepsis whereas women react with an increase of their estrogen levels, presumably based on an increased
aromatizing of androgens. In this case, it also comes to an influence of pro-inflammatory cytokines on
hormone release [9].

Blood levels of the steroid hormone Dehydroepiandrosterone (DHEA) and its sulphated pattern
(DHEA-S) are significantly decreased in critically ill and septic patients [10,11]. DHEA is the
quantitatively most important human steroid hormone, which is produced mostly in the adrenal gland
but also in the gonads. DHEA has not only a potent immunomodulatory activity by itself, but it
is also considered to be a precursor of the androgen and estrogen biosynthesis [12]. During sepsis
and trauma, a dissociation of cortisol and DHEA is found, which leads to an imbalance between
immune-suppressive and immune-stimulating steroid hormones [8,13]. In accordance with this, it was
shown that depressed levels of circulating DHEA in patients with sepsis are positively correlated to
the risk of death [14,15].

Until now, it was assumed that the activation of neuroendocrine systems (SAS, HPA-axis, HPG-axis,
DHEA) during trauma and sepsis serves the adaption of physiological systems like metabolism,
heart/circulation, tissue regeneration and the central nervous system onto the elevated requirements.

The aim of this review is, on the one hand, to highlight current insights on how neuroendocrine
released messengers are responsible for immunomodulation following severe trauma and during sepsis
and, on the other hand, to find out whether this knowledge has been transferred into clinical practice.

2. Hypothalamic–Pituitary–Adrenal (HPA) Axis

Trauma and sepsis cause complex alterations of the hypothalamic–pituitary–adrenal axis and
glucocorticoid signaling [16]. The immunomodulatory effects of glucocorticoids are well described.
On the one hand, glucocorticoids inhibit the release of pro-inflammatory cytokines from T helper-1
(Th1) and antigen-presenting cells (APCs), and on the other hand, glucocorticoids induce the release of
anti-inflammatory cytokines from T helper-2 (Th2) cells [17]. Through thismechanism glucocorticoids
cause a Th1/Th2-shift of the immunological response. Additionally, glucocorticoids inhibit the function
of neutrophil and eosinophil granulocytes as well as macrophages [18,19]. Glucocorticoid-induced
immune suppression is used in autoimmune disorders and after organ transplant, and theoretically,
these immunomodulatory effects may attenuate the overwhelming inflammatory response following
severe trauma or during sepsis. Especially under consideration that critical ill patients show signs
of relative adrenal insufficiency by suppression of the HPG axis due to the critical illness as well
as sedative/analgesic drugs [16,20], the systemic substitution of glucocorticoids and the modulation
of the metabolism of glucocorticoids appears reasonable. Recently, the role of 11β-Hydroxysteroid
dehydrogenase type 1 (11β-HSD1) in acute and chronic inflammation has been pointed out [21–23].
11β-HSD1 causes an intracellular conversion of inactive cortisone to the active cortisol. Therefore,
11β-HSD1 is an intracellular gate-keeper for glucocorticoid action [22]. Interestingly, the expression
of 11β-HSD1 is greatly up-regulated during differentiation of monocytes into macrophages thus
theoretically curbing the inflammatory potency of these cells [21]. However, it appears that this
intracellular immunomodulation by 11β-HSD1 is disturbed during trauma and hemorrhage resulting
in an inefficacy of released glucocorticoids to modulate the inflammatory response [24].

There are numerous animal studies in which corticosteroid administration consistently protected
against lethal sepsis; however, clinical trials in sepsis found much less consistency in survival
benefits from corticosteroids, although most trials demonstrated faster resolution in shock and
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organ dysfunction [25]. The Corticosteroid Therapy of Septic Shock (CORTICUS) study showed
no benefit of hydrocortisone on survival or reversal of shock in patients with septic shock [26].
Although hydrocortisone treatment of patients in septic shock resulted in faster improvement of organ
function, mainly of the cardiovascular system, this had no effect on mortality [27]. The HYPOLYTE
(Hydrocortisone Polytraumatise) study showed that in intubated trauma patients hydrocortisone
significantly reduced the risk of hospital-acquired pneumonia, however, again without altering the
mortality rate [28]. Critics of glucocorticoid application argue that acute-phase sepsis is associated
with increased glucocorticoid receptor expression and cortisol concentrations, possibly implying
no need for exogenous substitution, which may even increase glucocorticoid resistance through
a negative feedback mechanism [29]. Furthermore, glucocorticoid application is known to have
potential hazardous side-effects, especially a slight increase of the incidence of clinically important
gastrointestinal bleeding in critical ill patients [30].

Despite above mentioned findings of single studies, recent data from meta-analyses suggests
with a low- to moderate-quality evidence that a long course of low-dose corticosteroids reduces
28-day mortality without inducing major complications [25,31–33]. Nonetheless, corticosteroid therapy
for septic and trauma patients remains controversial despite general agreement that corticosteroids
improve sepsis-associated comorbidities, such as shock, organ dysfunction, and length of hospital stay.

An immunomodulatory effect is also found for other hormones of the anterior pituitary gland as
ACTH, β-endorphin, and prolactin. The administration of prolactin during experimental polymicrobial
sepsis in mice increased the mortality rate from 47% to 81%. This effect was paralleled by a significant
increase of splenocyte apoptosis rate and a marked depression of splenocyte proliferation. Furthermore,
prolactin administration profoundly affected cellular cytokine release (IL-2, IL-6, IFN-γ) 48 h after
induction of sepsis by cecal ligation and puncture [34]. However, the available literature about the
immunomodulatory effects of pituitary hormones is controversial despite the suppressive effects
on the immune cell proliferation and activity or rather the release of pro-inflammatory cytokines
predominantly shown (Table 1) [35].
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3. Hypothalamic–Pituitary–Gonadal (HPG) Axis

A relevant interaction between the HPG-axis and severe trauma and infections has been well
described. On the one hand, traumatic and infectious insults induce a central suppression of the HPG
axis with reduced gonadal androgen production and an associated state of catabolism (reduction of
muscle mass, increased nitrogen loss) [36]. Therefore, the therapeutic use of a synthetic androgen
(oxandrolone) has been investigated to support the switch to an anabolic situation. However, in contrast
to burn injuries, it was not found to exert beneficial effects after major trauma [37]. On the other hand,
sex hormones have the potential to significantly influence the posttraumatic course [11]. The so-called
gender-dependent dimorphism of morbidity and mortality after trauma and sepsis is mainly based
on experimental data indicating that sex hormones have relevant effects on various organs and the
immune system after trauma and sepsis [38]. In general, 17-β-estradiol (E2) and estrogen-receptor
agonists were shown to have beneficial effects on organ function, tissue damage (e.g., neutrophil
infiltration, edema formation) and the immune response, whereas androgens (e.g., testosterone) were
associated with enhanced organ damage and a dysfunctional immune system [39–42]. For example,
E2 was shown to be beneficial for cardiac function after trauma-hemorrhage (TH) (e.g., increased
cardiac output) due to protective effects on myocardial mitochondria, induction of heme oxygenase-1
(HO-1) [43], downregulation of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB)
and the modulation of inflammatory mediators, such as heat shock proteins (HSP) and cytokines.
In this context, E2 decreased the likelihood of cardiomyocyte necrosis by increasing HSP70 levels [44].
Furthermore, an E2-associated reduction of pulmonary damage after TH with a decrease of edema
and neutrophil infiltration was observed [45,46]. As potential mechanisms for the beneficial hepatic
effects of E2, a restoration of liver metabolism (normalization of adenosine triphosphate) and a
reduction of apoptosis by up-regulation of Bcl-2 and induction of HO-1, heat shock proteins (HSP)
and p38 mitogen activated protein kinase (p38 MAPK) was discussed. E2 attenuated acute renal
injury by reducing apoptosis, endothelial cell damage and inflammation. Moreover, the intestine
benefits from posttraumatic E2-application due to an increased blood flow and a decrease of neutrophil
infiltration [45,47,48]. Furthermore, sex hormones significantly modulated cellular and humoral
immune functions after TH. Interestingly, enzymes relevant for the synthesis of sex steroids were also
found in immune cells (e.g., T-cells). The expression and activity of these enzymes were modulated
by TH and differed between males and proestrus females. In males, TH resulted in increased levels
of 5α-reductase which catalyzes the synthesis of 5α-dihydrotestosterone (5α-DHT). 5α-DHT itself is
well known to exert even more pronounced immunosuppressive effects than testosterone. In contrast,
in proestrus females, an enhanced aromatase activity was observed which resulted in an increased E2
synthesis [49]. Thus, these changes might contribute to the gender-related differences found after TH
and sepsis [40]. Focusing on specific immune cells, macrophages from different tissue compartments
were shown to respond differently following TH with an increased productive capacity for TNF-α
and IL-6 of hepatic (Kupffer cells) and alveolar macrophages and a decreased synthesis of splenic
and peritoneal macrophages [40]. Administration of E2 resulted in a normalization of the productive
capacity but also in a beneficial modulation of toll-like receptor (TLR) and iNOS synthesis [48].
Furthermore, both dendritic (reduced antigen presentation) and T-cell function (shift from T-helper (Th)
1 to Th2-cell) were impaired after TH, which was assumed to contribute to the increased susceptibility
for infectious complications after trauma. Again, these changes were especially pronounced in males
and were reversed by E2-treatment [50,51]. In addition, an E2-induced interference with the apoptosis
rate of immune cells and the synthesis of HSP was verified [2,39,51].

It has been proven that these effects of sex hormones are mediated by specific androgen- (AR) and
estrogen (ER) receptors, which are expressed by almost all cells. For AR no further major subdivision is
reported, whereas ER are subdivided in two major subtypes, ERα- and ER-β. The distribution of these
ER is organ specific. In both, lung and heart, the effects of E2 seem to be mediated via ER-β [52]. In the
liver, ER-α dependent effects were primarily described; however, ER-α-independent effects were also
found [53]. Moreover, in the intestine, ERα- and ER-β mediated effects of E2 were found [54]. Hepatic
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and splenic macrophages and T-cells seem to preferably express ER-α and show improved function
after administration of E2 or the selective ER-α-agonist propyl pyrazole triol (PPT) [42], whereas
alveolar macrophages normalized posttraumatic function after application of a ER-β-agonist [40].
Based on the aforementioned results, it seems likely that ER subtypes may have tissue-specific roles in
mediating the effects of E2 after TH.

All these aforementioned, beneficial effects on the various organs and the immune system might
contribute to the improved survival observed after E2-application in animal models of TH even without
large volume fluid resuscitation. In these studies, an E2-associated shift of the remaining blood into
heart, liver and kidney has been discussed as a further favorable aspect [55–57].

Although sex hormones have been described to also influence human immune cell function,
knowledge about these effects after TH and sepsis is relatively sparse. After infections, human
mononuclear cells from males were shown to produce lower levels of type I interferons (IFN) in
response to TLR-7 ligands and higher IL-10 in response to TLR-9 ligands as compared to females [58].
Furthermore, women were shown to have an enhanced capability of producing antibodies [59,60].
Clinical studies also described effects on the humoral immune response after multiple trauma and
sepsis [61,62]. In this context, females younger than 50 years with an ISS > 25 had significantly lower
plasma cytokines after multiple trauma [62].

Furthermore, diverse clinical studies found evidence for a more favorable clinical course after
trauma and sepsis for females. In this context, female gender was associated with a lower incidence
of posttraumatic infections (e.g., pneumonia, sepsis) and multiple organ failure (MOF) [63–68]. As a
result, less requirements for intensive care were associated in female patients [69].

In some studies, however, only premenopausal females (in most studies defined as <50 years)
showed lower incidences of posttraumatic complications (e.g., sepsis, MOF, mortality), a reduction
of lactate levels and decreased blood transfusion requirements compared to males of the same
age [62,65,66,70–73]. This might support the findings of the aforementioned experimental studies
indicating a beneficial effect of E2 on the further clinical course. However, both, reduced sepsis
rates and survival benefits have also been described for postmenopausal women [61,74,75]. Here,
persistently increased androgen levels and the associated immunosuppression in males might play
a role.

In the search for the mechanisms of the immunomodulating effect of estrogen, myeloid-derived
suppressor cells (MDSC), a heterogeneous population of the myeloid lineage, which modulate the
adaptive immune response, have attracted the focus of research efforts [76]. These cell subtypes have
been shown to constitute a crucial component of the innate immune system in various inflammatory
states. During systemic inflammation, MDSCs are recruited from the bone marrow [77]. In this respect,
it could be shown in different mouse models that after CLP procedure and recruitment, an accumulation
of MDSCs takes place in secondary lymphatic organs. The recruitment of MDSCs is mediated by
MAMPs (e.g., LPS) and DAMPs (e.g., HMGB1) [77–79]. Furthermore, MDSC are induced and activated
in the presence of estrogen and cytokines, such as IL-6, IFN-γ and IL-1β, and strongly contribute to
T-cell dysfunction in various diseases such as sepsis, tumorigenesis and trauma [80–82]. Especially in
the case of estrogen, a direct activation of the STAT3 signaling pathway and upregulation of JAK2 and
SRC in MDSCs and a consecutive anti-inflammatory function of MDSCs could be demonstrated [83].

However, results on sex-related differences after trauma and sepsis are not unequivocal.
Some studies found no differences for complications (e.g., sepsis) and mortality after blunt
trauma [62,67,70,84,85], whereas even increased mortality rates for females with an age around
80 years were observed by Eachempati et al. [86]. Without specifically considering patient’s age, also
others described an increased mortality rate in females after development of infections (e.g., pneumonia,
sepsis) or after major surgery [86,87]. In a study of Dossett et al. increasing levels of E2 were even
associated to a higher mortality rate of critically ill patients [88].

There might be different reasons for these partly divergent results. Despite significant effects of
the estrous cycle on E2 levels, none of the aforementioned studies has determined the cycle phase,
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some did not consider age. In addition, the effects of co-morbidities, pre-medication (e.g., oral
contraceptives, hormone replacement therapy), injury severity and distribution (e.g., traumatic brain
injury, TBI) have not been considered so far. In this context, it is well known that TBI has the potential
to depress systemic E2 levels; however, this association has not been taken into account in most of
the studies [89]. Consideration of patients with mild or moderate trauma and a low risk of adverse
outcome might keep gender-related effects from becoming visible [65]. In this regard, diverse studies
found gender-associated divergences only in patients with a high overall injury severity [62,73,90].

In conclusion, particularly based on experimental but also indirectly from clinical studies [62,65],
it is likely that not the gender itself, but sex hormones influence the immune response, the incidence
of complications and the outcome after trauma and sepsis [9,89]. Therefore, consideration of the
sex hormone status could be an important step for an individual therapeutic approach after trauma.
Therapeutic utilization of the interaction of E2/testosterone with the immune system after trauma and
sepsis may offer new strategies. These include the application of E2, ER-agonists, androgen receptor
antagonists and α-reductase-inhibitors, which prevent the conversion of testosterone into highly active
dihydrotestosterone. However, up until now, no clinical trials have been published investigating the
clinical value of these approaches (Table 1).

4. Dehydroepiandrosterone (DHEA)

DHEA, the most abundant circulating steroid in humans is mainly synthesized in the adrenal
cortex. It has been well described to be involved in the response to trauma and sepsis [91]. Beside
trauma- and sepsis-related effects on DHEA-synthesis and -metabolism, an immunomodulatory
potency of DHEA under the aforementioned conditions has been proven in experimental studies.
In this context, a beneficial effect of DHEA on the incidence of complications, the clinical status,
survival and immune function after hemorrhagic shock, infections and a combination of these insults
has been described [13,92,93]. Furthermore, an improved function of the cellular immune system,
which includes a marked improvement of the proliferation rate of lymphocytes with a simultaneous
decrease of the apoptosis rate of lymphocytes, was observed. At the same time, a varied pattern of
cytokine release with a DHEA-induced inhibition of TNF-α, IL-6 and IL-10 release was found [13,92].
Accordingly, administration of DHEA immediately before induction of TH normalized immune
cell migration (NK-cells, CD4+ and CD8+ lymphocytes) and splenocyte apoptosis rate in a murine
model of hemorrhagic shock [94]. In a murine model of bilateral femoral fractures DHEA suppressed
the serum levels of proinflammatory cytokines (IL-6, TNF-α, MCP-1) and also of IL-10 but did not
improve markers of pulmonary inflammation [95]. Same effects of DHEA were found in case of
neuroinflammation after TBI. In addition, DHEA resulted in improved long-term cognitive and
behavioral outcome [96]. DHEA-treatment after infections displayed an increased survival rate,
reduced bacterial contamination in the peritoneal fluid, decreased pro-inflammatory (e.g., TNF-α,
IL-6) and enhanced anti-inflammatory cytokine release (e.g., IL-4, IL-10). These DHEA-associated
changes of the inflammatory response were supposed to be caused by suppressed NO-secretion
and a shift towards the Th2 response. Furthermore, an improved delayed-type of hypersensitivity
reaction after DHEA-application was observed, demonstrating that apart from the innate immune
system, also a modulation of the acquired part of the immune system is initiated [97,98]. In contrast,
administration of DHEA in a murine sepsis model of cecal ligation and puncture revealed that there
was no difference in the survival rate, the cellular proliferation and apoptosis rate whether mice
received DHEA immediately before induction of a polymicrobial sepsis or after the development of
the first septic symptoms [97]. The way of DHEA administration might represent a potential reason
for these different findings. In this context, it was shown that subcutaneous administration of DHEA
was accompanied by an improved survival and normalized immune functions whereas intravenous
or intraperitoneal treatment with DHEA failed to exert the expected effects on the survival rate and
immune functions of septic mice. Moreover, a varyingly strong activation of the HSP-70 release in the
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different shock organs (lunge, liver, kidney) could be detected in septic mice dependent on the way of
DHEA administration [99].

However, it is of major relevance to note that transfer of animal data to the human situation has to
be interpreted with caution. In this context, rodent adrenal DHEA production is modest compared to
that of humans. Furthermore, these animals have the ability to convert exogenous DHEA to sex steroids.
Therefore, studies specifically focusing on the human situation are of upmost importance. However,
in vitro and clinical studies on the effects of DHEA on immune cells after trauma and sepsis are rare.
In an in vitro study, DHEA-S was able to stimulate the synthesis of reactive oxygen species (ROS)
via NADPH oxidase activation directly and thereby improve neutrophil function [100]. Neutrophils
hold a unique position among the leukocytes, since they are the only subpopulation with an active
transporter, the organic anion-transporting polypeptide D (OATP-D). Furthermore, neutrophils do not
have steroid sulfatase, which activates DHEAS to DHEA. The effect of DHEA consequently must be a
direct one. In addition, in case of primary adrenal insufficiency with a frequently associated deficit of
DHEA/DHEAS, an impaired natural killer cell cytotoxic function was found. However, this impaired
function was not influenced by longstanding DHEA-therapy [101]. Apart from this direct influence of
DHEA on immune cells, an intracellular metabolization into sex steroids was postulated. In this respect,
DHEA related activation of monocytes and their interaction with endothelial cells was shown to depend
on the conversion to androgens and subsequent binding on androgen receptors [102]. DHEA may also
antagonize the effects of glucocorticoids but also act as an inhibitor of the glucose-6-phosphatase in the
hyperglycemic environments that are common after trauma [103]. Additionally, it was shown that
cells of the immune system are able to synthesize DHEA, which could influence the cell function in an
autocrine control loop [13].

In this context, it could be shown that the GR receptor is also expressed on circulating MDSCs.
Lu et al. could show in an experimental study on a liver injury mouse model that the modulating effect
of glucocorticoids is caused by suppression/activation of HIF1α and HIF1α-dependent glycolysis [104].
Based on these observations, the modulation of MDSC function by systemic steroids may represent a
new therapeutic target, although detailed data on the timing of use and type of steroid are still lacking.
Furthermore, the function of MDSC in sepsis and trauma has not been sufficiently studied [105,106].
The vast majority of data are based on studies in tumors, although an increasing number of studies
highlight the role of MDSC subtypes in the resolution of inflammation after severe sepsis and
trauma [106,107].

In the clinical setting, DHEA and DHEAS serum levels have been shown to immediately
decrease in multiple trauma patients, indicating an early trauma-related reduction of adrenal androgen
synthesis [11,20]. In the further clinical course, a stepwise recovery towards pre-traumatic levels over
a period of several months was described. Interestingly, this recovery was significantly influenced
by the medication over the clinical course, e.g., with a relevant delay in case of opioid treatment [11].
The decline of DHEAS was both, more pronounced and permanent compared to DHEA, suggesting
an additional downregulation of DHEA sulfation after trauma [11,108]. As particularly low levels
of DHEAS have been associated with an impaired immune function and higher complications rates
(e.g., infections, mortality) [11,109], substitution of DHEAS or DHEA with stimulation of its sulfation
might represent promising approaches for a beneficial modulation of the posttraumatic course. This is
also true for septic patients who also demonstrated a significant reduction of DHEAS levels [108].

Cortisol and DHEAS appear to be the antagonists. DHEAS has the potential to counteract the
immunosuppressive effect of cortisol. In post-traumatic and septic conditions, a decrease in DHEAS
has been shown to enhance the immunosuppressive effect of cortisol [110].

Under additional consideration of the positive modulatory influence of DHEA on the immune
system without proven significant adverse effects in experimental studies, a clinical utilization of
DHEA or DHEA-S within the framework of controlled test conditions, for example, in septic or trauma
patients, would be a possible step to prove the efficiency of this new therapeutic approach. However,
interventional clinical studies so far only exist for healthy volunteers and patients with autoimmune
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disorders or osteoporosis who showed beneficial effects on immune response or the underlying
disease (e.g., reduced inflammatory response, increased bone mass) [12,13]. For practicality of DHEA
supplementation in case of trauma or sepsis, specific considerations in terms of dosing, delivery and
safety under specific posttraumatic or -infectious conditions (e.g., polypharmacy, impaired hepatic
function) are obligatory needed (Table 1).

5. Sympathetic-Adrenergic (SAS) and Parasympathetic-Cholinergic (PCS) System

The immunomodulatory effect of the activation of the sympatho-adrenergic system (SAS) by
catecholamines has been known for a long time and has been proven by several animal and human
studies. Likewise, the expression of α- as well as β-adrenergic receptors, those in a higher density,
on the surface of nearly all cells of the immune system could be validated [111]. The subcutaneous
or intravenous administration of the catecholamines adrenalin and noradrenalin leads to marked
changes of the migration behavior and activity of circulating T- and NK-cells in healthy volunteers.
This effect was inhibited by the administration of a non-selective but not of a β1-selective antagonist,
which indicates that the effect might be mediated by β2-receptors [112]. Even after release of
endogenous catecholamines, similar effects could be found [111]. Furthermore, it could be shown that
catecholamines influence the release of pro- (IL-1β, IL-2, IL-6, IL-12, TNF-α) as well as anti-inflammatory
cytokines (IL-10), and these effects could also be inhibited by the administration of β-adrenergic
antagonists. Considering a synopsis of current literature, concerning TH1-cytokines, a rather inhibiting
impact could be observed whereas with the release of TH2-cytokines, an activating impact seems to
predominate [111,113]. Overall, catecholamines in vitro inhibit the adaptive immunity by reducing
the proliferation of T helper, T cytotoxic and B-cells and shifting the TH1/TH2 balance towards Th2
cells [114]. In this context, it should be mentioned that the catecholamine dopamine is a potent inhibitor
of the MDSC-mediated immunosuppression via the DA and D1-like receptors [115]. MDSCs have
been shown to play a central role in the regulation of the pro-inflammation response in the early stage
of sepsis. Their function seems to be the limitation of hyperinflammation by L-arginine degradation,
production of ROS and NO, the secretion of anti-inflammatory cytokines like IL-10, inducing apoptosis
mediated by FAS-FASL, and the activation of T regulatory cells (Tregs) [116–119]. On the other
hand, this anti-inflammatory role seems to be disadvantageous in the later course of sepsis [120].
A function of MDSCs that has been insufficiently investigated so far involves the cell–cell crosstalk
with macrophages, the induction of an M2 phenotype and the associated influence of MDSCs on the
resolution of inflammation [121]. In the context of a consecutive chronic critical illness and a persistent
inflammation immunosuppression and catabolism syndrome, MDSCs appear to be essential for the
preservation of existing immunosuppression by suppression of the lymphocyte proliferation [120].

It was shown that adrenaline and noradrenaline are able to influence the release of pro- and
anti-inflammatory cytokines, and it was postulated that both catecholamines are involved in the
dysregulation of the immune system [111]. Accordingly, an animal model of hemorrhagic shock showed
that the shock-induced mobilization of immune cells is blocked independently of the blood pressure
by pharmacological blocking of adrenergic β-receptors. Additionally, an increased apoptosis rate of
splenocytes was documented [122]. In another study using a murine sepsis model, the pharmacological
blocking of adrenergic β-receptors led to an inhibition of the proliferation as well as an increased
apoptosis rate of splenocytes and a varied release of cytokines (IFN-γ, IL-6). These immunological
effects were accompanied by an increased mortality rate and a deteriorated clinical situation of the
mice [123]. Similar results have been shown after selective inhibition of β2-receptors in a mouse sepsis
model [122,124]. The exogenous infusion of adrenaline led to significant changes of the distribution
of immune cells in the blood of septic mice. The apoptosis and proliferation rate of splenocytes
and the release of cytokines were also significantly different without effects on the mortality rate or
clinical situation. Additional administration of propranolol intensified the adrenergic effects on the
apoptosis of immune cells, antagonized the adrenalin-induced cell mobilization and led to an increased
release of IL-6. These effects were accompanied by a markedly increased mortality. Further studies
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about the pharmacological blocking of adrenergic β-receptors in animal models of sepsis prove a
modulation of the release of pro- and anti-inflammatory cytokines even though the results are partially
controversial [124].

The impact of circulating catecholamines or the blocking of adrenergic receptors on the immune
system could also be shown under conditions of hemorrhagic shock and sepsis. Most of these data are
based on animal studies, but in a small prospective study in trauma patients, it could be shown that
administration of β-receptor blockers decreased serum IL-6 levels and that patients pretreated with
β-receptor blockers had lower initial base deficits after trauma [125]. Clinical studies concerning the
immunomodulatory effects of catecholamines in multiple-injured or septic patients are rare, because
the use of hypotensive drugs, such as β-blockers in severe sepsis and septic shock, raises justified
safety issues. Beyond that, the administration of catecholamines or of β-adrenergic antagonists is
often clinically without alternative. A retrospective study reported that critically ill trauma patients
receiving β-blockers had a significantly lower in-hospital mortality compared to patients with similar
ISS scores not receiving β-blockers (11% vs. 19%) [126]. In general, β-blockers are used in sepsis
under the intention to modulate the cardiovascular system but not to influence the inflammatory
response; nonetheless β-blockade resulted in a decreased 28 day mortality in septic patients treated
with esmolol [127]. Critically ill septic patients with chronic β-blocker prescriptions had lower
28 day mortality than sensitivity and pair-matched controls [128]. These improved outcomes with
β-blockers could be due to decreased myocardial oxygen demand [129], improved myocardial oxygen
utilization [130] and/or immunomodulation of hypercatecholaminemia [131].

Although several beneficial effects of β-blockers in trauma and sepsis have been described,
including restoration of normal cellular metabolism, improved glucose regulation and improved
cardiac function [132], the consequences of this interaction for the clinical treatment of patients after
multiple trauma or during sepsis in terms of immunomodulation are not clear. The effects ofβ- blockade
on infectious outcomes following the systemic inflammatory response syndrome (SIRS) [133] and the
compensatory anti-inflammatory response syndrome (CARS) [134] are unknown. Therefore, more
basic research is needed to elucidate the intra- and extracellular mechanisms of immunomodulation
of β-blockers. Further, it has to be determined which patients may benefit and especially at which
timepoint in the treatment course since an initial sympathetic activation after injury is beneficial but a
persistent severe overactivation detrimental. Therefore, the immune suppressive side effects of the
β-adrenergic antagonists should be critically included in the therapy decision.

Besides the sympathetic-adrenergic system, also the parasympathetic-cholinergic system (PCS) is
able to modulate the inflammatory response [135,136]. The activation of the parasympathetic-cholinergic
system via the release of the neurotransmitter acetylcholine (ACh) results in an immune-suppression by
inhibition of cytokine production [137]. ACh binds to both nicotinic and muscarinic cholinergic
receptors. The main nicotinic cholinergic receptor found on macrophages is the α7 nicotinic
ACh receptor subunit (α7nAChR) [137]. It is believed that cholinergic agonists through the
activation of α7nACh receptors inhibit NF-κB activation and hence downregulate the production of
pro- inflammatory cytokines, such as TNFα [137]. Cholinergic stimulation has been shown to reduce
pro- inflammatory cytokine production and prevent lethal tissue injury in multiple models of local and
systemic inflammation and sepsis, including acute lung injury, hemorrhagic shock or polymicrobial
sepsis [136]. These findings encouraged researchers to assess the therapeutic potential of vagus nerve
stimulation (VNS) in attenuating the systemic inflammatory responses evoked by endotoxemia [137].
Direct electrical stimulation of the peripheral vagus nerve in vivo during lethal endotoxemia in rats
inhibited TNFα synthesis in the liver, attenuated peak serum TNFα amounts and prevented the
development of shock [137]. A beneficial effect of VNS immunomodulation has been reported in other
studies for different immunological pathologies [137]. Interestingly, the immunomodulatory effect of
vagus nerve stimulation in terms of systemic TNFα reduction is dependent on the spleen, since it fails
to work in splenectomized animals [136]. Interruption of the common celiac branch of the abdominal
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vagus nerve abolishes vagal anti-inflammatory effects, suggesting that cholinergic signaling targets the
spleen via this specific branch of the vagus nerve [136].

To date, there are no human studies reporting on the specific pharmacological stimulation of
the parasympathetic-cholinergic system in order to modulate the inflammatory response in trauma
or septic patients. Nonetheless, transcutaneous mechanical vagus nerve stimulation can exhibit
anti-inflammatory effects that may be considered in the clinical setting under special circumstances
(Table 1).

6. Conclusions

With the exception of corticosteroids, up-to-date proactive modulation of the inflammatory
response following trauma and sepsis has not been introduced into clinical practice. Although animal
studies show great potential of neuroendocrine immune modulation following trauma and sepsis,
knowledge concerning dosage and timing in clinical practice remains unclear. Especially the potential
of severe side-effects caused by modulation of this highly complex and dynamic inflammatory response
cannot be predicted so far. Future studies are required to achieve the transfer of promising data from
bench to bedside.
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