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Abstract: Background: Immune function is an important indicator for assessing postoperative recov-
ery and long-term survival in patients with malignancy, and laparoscopic surgery is thought to have
a less suppressive effect on the immune response than open surgery. This study aimed to investigate
this effect in a retrospective clinical study. Methods: In this retrospective clinical study, we enrolled 63
patients with colorectal cancer in the Department of General Surgery of the First Affiliated Hospital of
Soochow University and assessed the changes in their postoperative immune function by measuring
CD3+T, CD4+T, CD8+T lymphocytes, and CD4+/CD8+ ratio. Results: Compared with open surgery,
laparoscopic colorectal surgery was effective in improving the postoperative decline in immune
function. We determined that the number of CD4+, CD8+T lymphocytes, and the CD4+/CD8+ ratio
was not significantly reduced in the laparoscopic group. Conclusion: Laparoscopic-assisted colorectal
resection can reduce the inhibition of immune functions compared with conventional open surgery.

Keywords: laparoscopic operation; colorectal cancer; immune function; surgical trauma; T-lymphocyte
subsets

1. Introduction

Colorectal cancer is one of the most common malignancies worldwide and the leading
cause of cancer-related mortality [1]. In recent years, it has been determined that the
occurrence of malignant tumors is related to the tumor microenvironment [2,3]. T cell
infiltration, activation, and effector functions are inhibited by tumors when immune evasion
occurs, which causes the body to increase immune tolerance, leading to ineffective immune
response and tumor progression [4,5]. T cells can be divided into two subpopulations,
CD3+CD4+ and CD3+CD8+ T cells, according to different surface antigens, and the balance
between them is an important insurance for maintaining normal immune system work, and
the ratio of the two is an important indicator to assess immune function [6,7]. In a recent
study, CD3+ T lymphocytes and CD4+/CD8+ ratio levels on the second postoperative day
were determined to be higher in patients who underwent laparoscopic-assisted natural
orifice specimen extraction than in the conventional laparoscopic-assisted radical resection
group, thus confirming the early safety after laparoscopic-assisted natural orifice specimen
extraction [8]; Gang Wang et al. showed that fast-track surgery had better protection
of patients’ immune function postoperatively compared to laparoscopic surgery, with
less impact on CD3+,CD4+T lymphocytes, CD4+/CD8+ ratio and fewer perioperative
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complications [9]. Hence, detecting changes in T-lymphocyte subsets in peripheral blood
and using them to assess immune response have aroused the people’s interests.

With the continuous development of minimally invasive surgery, more surgeons prefer
laparoscopic surgery. It has been proven that laparoscopic surgery has the advantages of
less trauma potential, faster postoperative recovery, and fewer complications [10]. Patients
with poor basal immune status have more postoperative complications and more extended
hospital stays [11]. Maintaining and improving patients’ immune status is important
in perioperative management, yet relatively few reports have been published on the
relationship between surgical approach and changes in patient immune status. Therefore,
we considered 63 cases of patients with colorectal cancer admitted to the First Affiliated
Hospital of Soochow University as the study subjects and analyzed the effect of different
surgical procedures on the patients’ postoperative immune function.

2. Materials and Methods

2.1. Patient Data

We conducted this study by the Declaration of Helsinki and obtained informed consent
from all patients. This study was approved by the Ethics Committee of the First Affiliated
Hospital of Soochow University (No. 421). The study population included 63 patients who
were 18 years or older, had a body mass index (BMI) of 30 or less, had histologically proven
colorectal adenocarcinoma with clinical stage II and III at the First Affiliated Hospital of
Soochow University between 1 October 2021 and 31 December 2022 (Figure 1). These
patients were prospectively included and had their peripheral blood levels of cellular
immunity checked during treatment, and all patients had their disease diagnosed by
colonoscopy and postoperative pathological biopsy. We excluded patients with a history
of other malignant tumors such as cervical, uterine, or bladder; a medical history of
Familial Adenomatosis Polyposis Coli, active Crohn’s disease, active ulcerative colitis;
recent chemotherapy, radiotherapy, or endocrine therapy; the combination of distant
metastases such as liver, lung, and bone; the complication of severe heart, lung, and kidney
or due to hematologic disorders thus making them intolerant to surgery; psychiatric or
addictive disorders that affected compliance to the protocol; conditions that would limit
the success of laparoscopic resection such as multiple previous laparotomies or severe
adhesions. After discussing the advantages and disadvantages of various surgical options
with the surgeon, the patient chose laparoscopic surgery or open surgery. The patient
was admitted to the hospital, the relevant tests were completed, and the patient was
prepared for surgery. General anesthesia with tracheal intubation and routine urinary
catheterization was used. Postoperative antibacterial drugs were routinely administered to
prevent infection.

2.2. Immunological Index Acquisition

The general surgery nurse drew 5 mL of venous blood (15% Ethylene diamine
tetraacetic acid tripotassium salt dihydrate anticoagulation) from a fasted, admitted pa-
tient at 7 am. Ethylene diamine tetraacetic acid anticoagulated blood was collected in
2 mL tubes. A total of 100 μL of anticoagulated whole blood was collected, 20 μL of
CD45+/CD3+/CD4+/CD8+ cells was added, vortexed and mixed, incubated at room tem-
perature and protected from light for 15 min. Then, 500 μL of cell lysate was added to each
tube, vortexed and mixed, protected from light at room temperature for 10 min. Afterward,
2 mL of phosphate buffered saline was added to each tube, mixed, and detected by direct
immunofluorescence labeling technique using flow cytometry for CD4+ T lymphocytes
and CD8+ T lymphocytes to be detected by direct immunofluorescence labeling technique
using flow cytometry; the percentages of CD4+ T cells and CD8+ T cells were recorded and
the CD4+/CD8+ ratio was calculated.
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Figure 1. Filtering process of patient data from the initial inclusion of patients.

2.3. Statistical Analysis

All statistical analyses were performed by SPSS software (version 26.0). Measurement
data are expressed as X ± S. Comparisons between groups were made using independent
samples t-test, within-group comparisons before and after treatment were made using
paired t-test and Pearson’s chi-square test, and p values less than 0.05 were considered
significant. Logistic regression was used to eliminate the cofounders. R custom scripts
(version 3.5.3) were used to generate all the figures and conducted the power analysis.

3. Results

3.1. Clinical Characteristics

In the Department of General Surgery of the First Affiliated Hospital of Soochow
University, we enrolled 63 patients who underwent radical colorectal tumor surgery. All
patients were treated according to the standard perioperative care protocol (a total of
31 patients underwent open surgery and 32 patients underwent laparoscopic surgery).
Compared with the open group, patients in the laparoscopic group had significantly longer
operative time (p < 0.05). There was no statistically significant difference in gender, age,
BMI, blood type, hospitalization days, degree of tumor differentiation, tumor diameter,
N stage, and tumor stage between the laparoscopic group and the open group (p > 0.05)
(Table 1).
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Table 1. General material comparison in perioperative period of the open and laparoscopic groups
(x ± s).

Items
Open Group

(n = 31)
Laparoscopic Group

(n = 32)
p

Gender 0.677+
Male 20 19
Female 11 13
Age (years) 68.58 ± 9.135 64.97 ± 8.102 0.102
BMI (kg/m2) 22.17 ± 2.43 22.49 ± 5.14 0.746
Operation times (min) 156.32 ± 48.10 188.78 ± 65.10 0.028
Postoperative hospital stay (days) 12.46 ± 2.41 12.50 ± 3.99 0.753
Tumor differentiation 0.892+
Well or Moderate 14 15
Poorly 17 17
Maximal tumor diameter (cm) 0.246+
≤5 cm 19 24
>5 cm 12 8
N stage 0.267+
0 18 14
1 6 12
2 7 6
Tumor stage 0.378+
II 18 15
III 13 17
Blood Type 0.742+
A 10 10
B 9 12
O 7 6
AB 5 4
Tumor Location 0.367+
Right colon cancer 7 11
Left colon cancer 10 9
Rectal cancer 14 12

p-values were estimated by t-test; + p-values were estimated by Pearson’s chi-square test; p < 0.05 are highlighted
in bold italic.

3.2. Difference of Immunological Indexes

Compared with the preoperative level, the postoperative number of CD3+ cells in the
open group was not significantly different from that of the preoperative level, whereas the
number of CD4+, CD8+, and CD4+/CD8+ ratio was significantly lower compared with the
preoperative level; the postoperative number of CD3+ cells in the laparoscopic group was
significantly higher compared with the preoperative level, whereas the number of CD4+

and CD8+ and the CD4+/CD8+ ratio were not significantly different compared with that of
the preoperative level (Table 2).

Table 2. Changes in number of immune cells in open and laparoscopic groups at different time point
in pre- and post-surgery (x ± s).

Group CD3+T (%) CD4+T (%) CD8+T (%) CD4+T/CD8+T

Open group
The day before operation 66.59 ± 11.05 42.35 ± 9.21 23.08 ± 8.40 2.04 ± 0.78
The third day after operation 63.56 ± 9.72 * 32.86 ± 9.02 *# 20.21 ± 5.80 *# 1.73 ± 0.71 *#
Laparoscopic group
The day before operation 69.10 ± 10.70 43.76 ± 9.64 24.52 ± 8.13 2.06 ± 1.17
The third day after operation 71.87 ± 10.89 # 42.75 ± 8.70 25.08 ± 7.20 2.01 ± 0.85

* The comparison in laparoscopic group at the same time point, p < 0. 05. # The comparison in the same group on
the day before operation, p < 0. 05.
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The number of CD3+, CD4+, CD8+ cells and the CD4+/CD8+ ratio in the laparoscopic
group were not significantly different preoperatively compared to the open group, while
they were significantly higher postoperatively compared to the open group (Table 2 and
Figure 2).

  

 

Figure 2. Changes in number of immune cells in open and laparoscopic groups at time point in
post-surgery.

The number of CD3+, CD4+, CD8+ cells and the CD4+/CD8+ ratio in the laparoscopic
group were not significantly different from those in the open group before operation. In
order to confirm that this is not the false negative caused by the low power, we conducted a
power analysis, and calculated that the post hoc power of the number of CD3+, CD4+, CD8+

cells and the CD4+/CD8+ ratio were 80.46%, 80.12%, 87.89%, and 81.12%, respectively,
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which were greater than 80%. Based on this, we could confirm that the number of CD3 +,
CD4+, CD8+ cells and the CD4+/CD8+ ratio in the laparoscopic group did not differ from
those of the open group before operation.

We also calculated that the post hoc power of the number of CD3+, CD4+, CD8+ cells
and the CD4+/CD8+ ratio in the two groups of patients after surgery were 83.74%, 89.70%,
87.59%, and 40.82%, respectively. Although the post hoc power of the CD4+/CD8+ ratio
was lower than 80%, our independent sample t-test still detected that there was a significant
difference in the CD4+/CD8+ ratio between the two groups of patients after operation.

3.3. Analysis of Influencing Factors

The results of univariate logistic regression analysis showed that the effects of age, tu-
mor location, and types of surgery on patients’ postoperative CD3+ T cells were statistically
significant. Then, the effect of age and tumor location was excluded by multivariate logistic
regression analysis, and it was determined that the effect of types of surgery on patients’
postoperative CD3+ T cells remained statistically significant (Table 3). Laparoscopic-assisted
surgery can reduce the inhibition of immune functions compared with open surgery.

Table 3. Logistic regression analysis of the patient’s postoperative CD3+T.

Items

Postoperative CD3+T

Univariate Analysis Multivariate Analysis

OR (95%CI) p OR (95%CI) p

Gender (male/female) 1.379 (0.497~3.825) 0.537
Age (years, ≤65/>65) 0.930 (0.873~0.991) 0.025 0.933 (0.870~1.001) 0.052
BMI (kg/m2, ≤18.5/>18.5) 1.027 (0.906~1.165) 0.676
Operation times (min, ≤150/>150) 1.003 (0.994~1.011) 0.544
Tumor differentiation (Well or
Moderate/Poor) 1.071 (0.398~2.887) 0.891

Maximal tumor diameter (≤5 cm/>5 cm) 1.406 (0.484~4.079) 0.531
Tumor stage (II/III) 0.941 (0.350~2.531) 0.904
Blood type
AB 1
A 2.321 (0.467~11.545) 0.303
B 0.769 (0.158~3.744) 0.745
O 1.458 (0.264~8.048) 0.665
Tumor location
Rectal cancer 1
Right colon cancer 4.911 (1.325~18.205) 0.017 5.349 (1.250~22.898) 0.024
Left colon cancer 2.099 (0.626~7.037) 0.230
Types of surgery (open/laparoscopic) 4.620 (1.599~13.349) 0.005 3.908 (1.225~12.468) 0.021

Similarly, after excluding the effect of operation time, tumor stage as well as tumor
location by multivariate logistic regression analysis, the effect of types of surgery on patients’
postoperative CD4+T and CD8+T remained statistically significant (Tables 4 and 5). These
findings suggested that laparoscopic-assisted surgery can reduce the inhibition of immune
functions compared with open surgery. However, the results of both univariate logistic
regression and multivariate logistic regression analysis showed that the surgical approach
of patients had no statistically significant influence on the CD4+T/CD8+T ratio of patients
after surgery (Table 6).
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Table 4. Logistic regression analysis of the patient’s postoperative CD4+T.

Items

Postoperative CD4+T

Univariate Analysis Multivariate Analysis

OR (95%CI) p OR (95%CI) p

Gender (male/female) 0.612 (0.219~1.710) 0.349
Age (years, ≤65/>65) 0.959 (0.903~1.017) 0.161
BMI (kg/m2, ≤18.5/>18.5) 0.897 (0.771~1.042) 0.155
Operation times (min, ≤150/>150) 1.012 (1.002~1.023) 0.021 1.012 (0.999~1.024) 0.064
Tumor differentiation (Well or Moderate/Poor) 0.830 (0.308~2.237) 0.712
Maximal tumor diameter (≤5 cm/>5 cm) 1.895 (0.645~5.569) 0.245
Tumor stage (II/III) 0.376 (0.136~1.043) 0.060
Blood type
AB 1
A 0.533 (0.109~2.616) 0.438
B 1.067 (0.221~5.145) 0.936
O 0.933 (0.169~5.151) 0.937
Tumor location
Rectal cancer 1

Right colon cancer 7.875 (1.964~31.574) 0.004 10.384
(2.076~51.936) 0.004

Left colon cancer 2.5 (0.733~8.524) 0.143
Types of surgery (open/laparoscopic) 6.247 (2.093~18.641) 0.001 5.656 (1.602~19.982) 0.007

Table 5. Logistic regression analysis of the patient’s postoperative CD8+T.

Items

Postoperative CD8+T

Univariate Analysis Multivariate Analysis

OR (95%CI) p OR (95%CI) p

Gender (male/female) 1.379 (0.497~3.825) 0.537
Age (years, ≤65/>65) 0.998 (0.942~1.056) 0.934
BMI (kg/m2, ≤18.5/>18.5) 1.012 (0.894~1.146) 0.848
Operation times (min, ≤150/>150) 0.997 (0.988~1.005) 0.423
Tumor differentiation (Well or Moderate/Poor) 2.338 (0.848~6.447) 0.101
Maximal tumor diameter (≤5 cm/>5 cm) 0.711 (0.245~2.065) 0.531
Tumor stage (II/III) 1.775 (0.654~4.819) 0.260
Blood type
AB 1
A 1.250 (0.257~6.070) 0.782
B 2.031 (0.417~9.886) 0.380
O 0.781 (0.139~4.387) 0.779
Tumor location
Rectal cancer 1
Right colon cancer 0.500 (0.144~1.737) 0.275 0.353 (0.090~1.389) 0.136
Left colon cancer 2.167 (0.630~7.454) 0.220
Types of surgery (open/laparoscopic) 3.471 (1.232~9.782) 0.019 4.780 (1.495~15.280) 0.008
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Table 6. Logistic regression analysis of the patient’s postoperative CD4+T/CD8+T.

Items

Postoperative CD4+T/CD8+T

Univariate Analysis Multivariate Analysis

OR (95%CI) p OR (95%CI) p

Gender (male/female) 1.379 (0.497~3.825) 0.537
Age (years, ≤65/>65) 0.968 (0.913~1.026) 0.275
BMI (kg/m2, ≤18.5/>18.5) 1.006 (0.889~1.139) 0.921
Operation times (time, ≤150/>150) 1.017 (1.005~1.028) 0.005 1.016 (1.004~1.028) 0.009
Tumor differentiation (Well or Moderate/Poorly) 1.071 (0.398~2.887) 0.891
Maximal tumor diameter (≤5 cm/>5 cm) 0.711 (0.245~2.065) 0.531
Tumor stage (II/III) 1.214 (0.451~3.269) 0.701
Blood type
AB 1
A 0.269 (0.051~1.420) 0.122
B 0.813 (0.157~4.197) 0.804
O 0.429 (0.073~2.500) 0.346
Tumor location
Rectal cancer 1
Right colon cancer 3.545 (0.974~12.905) 0.055
Left colon cancer 0.992 (0.299~3.285) 0.989
Types of surgery (open/laparoscopic) 2.024 (0.742~5.519) 0.168 1.360 (0.451~4.102) 0.586

4. Discussion

It is well known that the stress response induced by surgical trauma affects the
immune system and postoperative immunosuppression; it can also make CD3+ and CD4+

cell counts and CD4+/CD8+ ratios decrease [9]. The main immune mechanism against
tumors is cellular immunity, which directly reflects anti-tumor activity. Therefore, avoiding
suppression of cellular immunity plays an important role in prognosis of colon cancer
surgery [12]. Surgery, whether laparoscopic or open, is a controlled trauma that can
trigger changes in inflammation, neuroendocrine and immune function. With the advent
of laparoscopic surgery, the ability to enter the patient’s abdominal cavity through small
openings, carefully segment and repair tissue and reduce the risk of bleeding has been
greatly enhanced. Laparoscopic radical colorectal cancer surgery is a safe and effective
surgical method, and its advantages include the following: (1) the surgical field of view is
wide and has a magnifying effect, which can determine the intra-abdominal tissues and
lesions; (2) the operation is delicate and gentle, and the interference with the internal organs
of the abdominal cavity is small; (3) the operation is less invasive, causes less bleeding,
pain, implies less adhesive intestinal obstruction, and fewer postoperative complications
and faster recovery [10]; (4) less stress on the patient’s organism and less impact on cell-
mediated immunity [13].

Konstantinos E. and colleagues reportedly studied the acute phase response after
open and laparoscopic surgery. Their seminal report compared interleukin- 6 (IL-6), tumor
necrosis factor-α, c-reactive protein (CRP), Toll-like receptors-2 and Toll-like receptors-4
levels. They concluded that the inflammatory response and resulting stress response after
laparoscopic surgery were significantly lower than in patients undergoing open surgery,
which has a clear short-term clinical benefit for patients [14]. Mauro P. reviewed the
early postoperative and oncological outcomes after laparoscopic colectomy for T4 cancer
compared with open surgery, determining that laparoscopic colectomy for T4 colonic
cancer is safe and is associated with better clinical outcomes than open surgery and similar
oncological outcomes. Mauro’ s research demonstrates that in regard to long-term clinical
benefits, laparoscopic surgery is better for patients than open surgery [15].

The development of malignant tumors is closely related to the immune function,
affected by the factors such as surgery, trauma, and infection. The immune system mainly
includes cell-mediated immunity and humoral immunity. It is believed that cell-mediated
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immunity is the mainstay of anti-tumor immunity, while humoral immunity only plays
a synergistic role in some cases, and some cytokines are also involved in the body’s
immune response [16]. T-lymphocyte-mediated cell-mediated immunity is involved in
the postoperative immune response. CD3+ T-cells are the main marker of mature T-
lymphocytes in peripheral blood, representing the overall level of cell-mediated immunity.
Human mature T-lymphocytes are divided into CD4+ and CD8+ T-cells depending on
their phenotypes. CD4+ T-cells are helper T-cells, which have helper functions and are
co-receptors for T cell receptor signaling, and upon activation can release a large number
of cytokines, enhancing the antitumor effect. Apart from producing cytokines, different
subsets of CD4+ T cell has been identified, including cytotoxic CD4+ T cells, which possess
cytotoxic programs and can directly kill cancer cells [17].CD8+ T cells are cytotoxic and
suppressive T cells that are involved in the maturation and positive selection of restrictive
cytotoxic T lymphocyte for major histocompatibility complex-I [18]. In recent studies,
multiple subsets of CD8+ T cells have been detected in tumor microenvironments, called Tc
subsets, each with distinct effector functions and cytotoxic potential, possibly influencing
the antitumor response and patient outcomes [19]. The CD4+/CD8+ ratio is approximately
1.2–2.0, which is an important indicator of the body’s immune homeostasis. Decrease in
this ratio often indicates immune dysfunction, and a significant reduction or inversion is
often used as an indicator of severe disease and poor prognosis [20].

Previously, studies on the effects of laparoscopic and open surgery on the immune
system have focused on IL-6 and CRP [21]. The IL-6 promotes tumor angiogenesis and
reduces inter-tumor cell adherence; it inhibits the body’s anti-tumor immunity; it also has
anti-apoptotic effects, thus promoting tumorigenesis. IL-6 plays an important role in the
metastasis and progression of colorectal cancer [9]. CRP is a more sensitive inflammatory
response protein produced by hepatocytes induced by IL-6, and its expression level in-
creases when the body is exposed to trauma or infection [22]. Surgery remains the mainstay
of treatment for colorectal cancer; however, it also leads to transient immunosuppression
and diminished tumor resistance. Experimental animal studies have shown that immunity
is better preserved after laparoscopic colorectal surgery, and open surgery is associated
with accelerated tumor growth compared to laparoscopic surgery [23].

The application of pneumoperitoneum requires the introduction of large amounts of
CO2 gas into the abdominal cavity, and studies have shown that CO2 pneumoperitoneum
may produce hypercapnia and have immunological effects on the body [24]. Kim I. and
his colleague reported that low intra-abdominal pressure during laparoscopic colorectal
surgery, which means less CO2, preserved innated immune homeostasis and formed a
valuable addition to future enhanced recovery [25]. This issue has been controversial;
however, from the present study, even though pneumoperitoneum affects the immune
function of the organism, its effect is less compared to an open abdominal injury. In general,
laparoscopic surgery causes less loss of immune function of the organism compared to
open surgery, for better short-term postoperative benefit.

To conclude, we conducted studies on immune function parameters and the results
showed that the number of CD3+ cells in the open group, compared with the preoperative
level, was not significantly different from that before surgery, while the number of CD4+

and CD8+ cells and the CD4+/CD8+ ratio was significantly lower. The number of CD3+

cells in the laparoscopic group was significantly higher than that before surgery, while
the number of CD4+, CD8+ cells and CD4+/CD8+ ratio was not significantly different
from those before surgery. Compared with the open group, there was no significant
difference in the number of CD3+, CD4+, CD8+ cells and the ratio of CD4+/CD8+ in the
laparoscopic group before surgery, but the number was significantly higher than in the
open group after surgery. In Gang Wang’s study, it was suggested that laparoscopic colon
surgery effectively protected postoperative cellular immunity, and the decrease in the
number of CD3+ and CD4+ cells and the CD4+/CD8+ ratio was significantly attenuated
compared with open surgery patients. This is consistent with our findings [9]. However,
Wichmann and Tang reported no difference in the number of CD3+ and CD4+ cells after
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laparoscopic surgery compared with open surgery, and only a small difference in the
number of compliments, but the difference may exist due to the significantly longer surgery
time in the laparoscopic group compared with the open group, thus weakening the function
of laparoscopic surgery in reducing immunosuppression because of the excessive surgery
time [21,26]. In the surgical treatment of lung cancer, Lian-Bin Zhang et al. determined
that the postoperative T-lymphocyte subpopulation cell count was significantly higher
in patients in the video-assisted thoracic surgery group compared to the traditional open
surgery group, suggesting that the video-assisted thoracic surgery lowers the postoperative
acute phase response and reduces immune suppression [27]. Li-Wen Zhou et al. detected
higher postoperative CD4+ and CD8+ cell counts in patients on tramadol compared to
those operated on without tramadol, which may be due to the perioperative patient’s
pain-mediated immunosuppression and consequent decrease in immune cell counts, which
is also consistent with our findings [28]. Laparoscopic surgery has been shown to have a
lower incidence of postoperative pain than open surgery [29], and thus patients undergoing
laparoscopic surgery may benefit in terms of immune function.

This study is one of the few reports in which CD4+ and CD8+ cell counts were de-
tected in peripheral blood after many recent studies investigating the relationship between
T lymphocyte subsets in tumor microenvironment and tumor development as well as
prognosis [30]. However, there are several drawbacks, and although we detected signif-
icantly higher numbers of CD4+ and CD8+ cells in the laparoscopic group than in the
open group, the reasons for this occurrence cannot be well explained because laparoscopic
surgery requires filling the peritoneal cavity with a large amount of CO2 gas, and West
studied cytokine production in peritoneal macrophages incubated in CO2. Macrophage
tumor necrosis factor and interleukin-1 responses to bacterial endotoxin were lower in
macrophages incubated in CO2 than in macrophages incubated in air or helium. West hy-
pothesized that impairment of peritoneal macrophage cytokine production may contribute
to the apparent lack of inflammatory systemic response during laparoscopic surgery [31].
We speculate that this may also apply to explain the changes in CD4+ and CD8+ cell
numbers during laparoscopic surgery.

Our study has a few limitations. Firstly, we had a relatively small number of patients
previously tested for T lymphocytes and the numerous exclusion criteria, and we have
now made the detection of T lymphocyte counts in colorectal cancer patients a routine test.
We will collect more patient data in the near future to draw more convincing conclusions.
Secondly, the blood biomarkers analyzed in this study were nonspecific and may be
influenced by various physiological or pathological factors. In addition, there are many
blood indicators that can reflect the changes in immune status of patients. IL-6, CRP, reactive
oxygen species, superoxide dismutase, etc., have been reported in the literature and are
also closely related to the immune function of patients [32–34]. Thus, we subsequently
plan to increase the tests in collaboration with clinical laboratory and also to verify them
at the tissue level to support our conclusions. In addition, we employed the statistical
technique of power analysis, but this power is no longer important because the results
have been obtained. Post hoc power calculations were based on the observed effect entirely,
but the lack of statistical power may substantially affect the size and even the direction of
the observed effect. Finally, because of the lack of long-term prognostic data, we cannot
yet determine the impact of the reduction in immunosuppression by laparoscopy on the
long-term prognosis of patients, but studies have shown that this advantage of laparoscopy
is valuable for the long-term survival of patients [35], and we will continue to follow up
this cohort of patients to study the long-term impact of this surgical approach.

There is no doubt that the clinical efficacy of laparoscopic surgery has been estab-
lished [36] and that the systemic immune impact of laparoscopic surgery may be even
lesser [37]. With increased research at the cellular and molecular levels, the systemic,
metabolic, and immune effects of laparoscopic surgery will be better understood and
patients will hopefully benefit from it.
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In conclusion, this study determined that laparoscopic-assisted surgery can reduce the
inhibition of immune functions compared with open surgery. It is clear that laparoscopic
surgery is known to provide an immunological advantage, but whether it provides a
survival advantage needs further study.
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Abstract: Background: Intraoperative adverse events (iAEs) are associated with adverse postop-
erative outcomes and cause a significant healthcare burden. However, a critical appraisal of iAEs
is lacking. Considering the details of iAEs could benefit postoperative care. We comprehensively
analyzed iAEs in a large series including all types of operations and their relation to postopera-
tive complications. Methods: All patients enrolled in the multicenter ClassIntra® validation study
(NCT03009929) were included in this analysis. The surgical and anesthesia team prospectively
recorded all iAEs. Two researchers, blinded to each other’s ratings, appraised all recorded iAEs
according to their origin into four categories: surgery, anesthesia, organization, or other, including
subcategories such as organ injury, arrhythmia, or instrument failure. They further descriptively
analyzed subcategories of all iAEs. Postoperative complications were assessed using the Compre-
hensive Complication Index (CCI®), a weighted sum of all postoperative complications according to
the Clavien–Dindo classification. The association of iAE origins in addition to the severity grade of
ClassIntra® on CCI® was assessed with a multivariable mixed-effects generalized linear regression
analysis. Results: Of 2520 included patients, 778 iAEs were recorded in 610 patients. The origin was
surgical in 420 (54%), anesthesia in 283 (36%), organizational in 34 (4%), and other in 41 (5%) events.
Bleeding (n = 217, 28%), hypotension (n = 118, 15%), and organ injury (n = 98, 13%) were the three
most frequent subcategories in surgery and anesthesia, respectively. In the multivariable mixed-effect
analysis, no significant association between the origin and CCI® was observed. Conclusion: Analyz-
ing the type and origin of an iAE offers individualized and contextualized information. This detailed
descriptive information can be used for targeted surveillance of intra- and postoperative care, even
though the overall predictive value for postoperative events was not improved by adding the origin
in addition to the severity grade.

Keywords: intraoperative adverse events; intraoperative complications; origin of Intraoperative
adverse events; classification of intraoperative adverse events

1. Introduction

Intraoperative adverse events (iAEs) are relevant to postoperative care and quality
improvement. One-half to two-thirds of all perioperative events are attributed to surgical
care, with the majority occurring during surgery and more than one-half of these appearing
to be preventable [1–3]. Awareness for safe intraoperative care is raised with the emergence
of minimally invasive surgery, the increased complexity of operations, and the higher

J. Clin. Med. 2023, 12, 2546. https://doi.org/10.3390/jcm12072546 https://www.mdpi.com/journal/jcm13



J. Clin. Med. 2023, 12, 2546

number of elderly and multimorbid surgical patients [4–6]. Standardized reporting of iAEs
is key for identification of repeated occurrence of events and for improving perioperative
care [7]. Compared to the reporting of postoperative complications, for which the Clavien–
Dindo classification is dominantly applied, iAEs lag behind in uniform and standardized
reporting in clinical practice and the available literature [7,8]. This is reflected by the
270-times more cited Clavien–Dindo classification compared to all available classifications
of iAEs together [9].

Generally, the operative and anesthesia report is used to report and describe iAEs.
However, operative reports have been found to be subjective; events are underreported;
and reports rarely include organizational causes such as equipment failure [10,11]. In
addition, operative reports may be delayed, resulting in incomplete handovers at transfers
to higher-level care or surgical wards [11,12]. Several grading systems for iAEs have
been developed. These systems usually have several important drawbacks that hinder
their uniform implementation (e.g., not including all sources of iAEs, focusing on specific
operations (laparoscopic) or specific iAEs (adhesiolysis), and being complex or not properly
validated) [13–16]. Our group recently developed and validated ClassIntra®, an easy-to-use
grading system for all types of iAEs, and found a strong association between the severity
of intraoperative and postoperative complications in a range of surgical disciplines [17].
This association was further established for visceral surgery [18]. Similar to other grading
systems, ClassIntra® does not describe the origin of the iAE. Such a description might
add context to the severity grading and possibly strengthen the association with the
postoperative outcome. The context can also improve postoperative handovers and early
diagnosis of postoperative complications, and may serve as a tool for training and quality
improvement [19,20].

The large prospective database of the ClassIntra® study offers the possibility to de-
scribe the attributes of iAEs including origins and subcategories as a means for improved
postoperative handovers and the development of strategies to prevent postoperative com-
plications. We hypothesized that the addition of the origin to the severity grade of an
iAE according to ClassIntra® could strengthen the association between the severity grade
of the iAE and the postoperative complication. Therefore, we evaluated the prognostic
value of the origin of iAEs on postoperative complications when added to the ClassIntra®

grading system.

2. Materials and Methods

Operative data of an international study aimed at validating the ClassIntra® classifica-
tion for iAEs was used in this analysis [17]. Eighteen centers from 12 countries prospec-
tively enrolled 2520 consecutive in-hospital patients undergoing any type of surgery in
whom iAEs were reported and graded according to ClassIntra® (Supplementary Materials,
Table S1).

This classification defines an iAE as any deviation from the ideal intraoperative course
that occurs between skin incision and skin closure, and consists of five severity grades
depending on the required intervention and patient symptoms. The attending surgical and
anesthesia teams reported the severity grade and a free-text description of the iAE(s) directly
after surgery. Patients were assessed daily for postoperative complications until hospital
discharge and had one post-discharge follow-up to assess 30-day mortality. Postoperative
complications were assessed and graded according to the Clavien–Dindo classification by
the physician on the ward [8,21]. A weighted sum of all postoperative complications in a
single patient was calculated using the Comprehensive Complication Index (CCI®) [22,23].
The CCI® forms a continuous scale from 0 (no complications) to 100 (postoperative death)
based on grades according to Clavien–Dindo [23]. All participating centers in the validation
study provided consent to use their data for this study. No approval was required from the
local ethical committees of the study centers in addition to the existing approval for the
ClassIntra® study (EKNZ Req-2016-00469; ClinicalTrials.gov, NCT03009929).
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2.1. Categorization

Free-text descriptions of the iAEs were evaluated to identify the origin of the iAEs.
The origin was categorized into four categories: surgical, anesthesia, organizational, and
other. Surgical iAEs were defined as events initially arising in the operative field, such as
bleeding or an iatrogenic bowel injury. Anesthesia-related iAEs included all medical events
not arising in the operative field (e.g., arrhythmia or hypoxemia). iAEs that involved more
than one origin were categorized according to the origin causing the sequela. For example,
hypotension caused by bleeding was categorized as surgical, while hypotension resulting
from anaphylaxis was categorized as anesthesia.

Organizational iAEs were due to errors in logistic or technical failure (e.g., instrument
failure). iAEs were categorized as ‘other’ in cases where the origin was not clear from the
description, or if they occurred before skin incision or after skin closure and did not match
any set definition [17].

The list of subcategories was designed as an open list with subcategories added to
further describe the parent category (e.g., the type of bleeding or hypotension) when
appropriate, as outlined below.

As bleeding and hypotension were common heterogeneous subcategories with a range
of treatments, the respective iAEs were further specified. For bleeding, a differentiation
was made between diffuse and major. If the description stated “minor”, “small”-vessel or
“diffuse”, bleeding was classified as ‘diffuse’. When a large caliber vessel was indicated,
either by naming the vessel or with the terms “large” or “major”, bleeding was classified
as ‘major’. In case of hypotension, a differentiation was made between mild, profound,
or unknown severity, based on the required treatment as mentioned in the description of
the iAEs. If the description noted ephedrine or phenylephrine, or “mild” or “transient”,
hypotension was classified as ‘mild’. If the description noted noradrenaline or “strong”,
hypotension was classified as ‘profound’. A description that did not distinguish the type
of bleeding or hypotension was left unspecified. The attending team reported conversion
from minimally invasive to open surgery when they judged it as an iAE. We categorized
this based on the provided context in the free text.

Categorization and subcategories were recorded by two researchers (LG and AJ) who
were blinded for each other’s assessments. Thirty iAEs were used for training. An intraclass
correlation coefficient was used as a reliability measure for categorization of the origin. In
case of differences in origins or subcategories, two senior physicians (RtB and SDK) were
consulted for surgical and anesthesia iAEs, respectively, to reach consensus. Categorization
was recorded in a Microsoft Access database for Office 365, which included the iAEs and
relevant patient-related information.

2.2. Outcomes and Statistical Analysis

We used descriptive statistics and frequency tables of all iAEs and their distribution
across origins and subcategories.

In an explorative way, we investigated the effects of the origin of an iAE on the
CCI® in addition to the severity grade, using multivariable linear mixed-effect regression
analyses [23]. The multivariable models with and without the origin of iAEs were compared
using a likelihood ratio test. We tested the interaction between the origin and ClassIntra®

grade, which was not significant and therefore not included in the model. No extensive
testing of the model’s predictive ability was conducted due to the exploratory nature.

As more than one iAE of different origins could occur in one patient, we categorized
the origin variable for statistical analyses into the following 5 levels: 1 = no iAE, 2 = surgical
origin of a single iAE, 3 = anesthesia origin of a single iAE, 4 = organizational origin of a
single iAE, 5 = in case more than one iAE of any origin occurred. iAEs in the other origin
category were not taken into account as these were insufficiently described or were not
considered iAEs according to pre-set definitions [17].

The model was adjusted for predefined potential confounders: patient age, American
Society of Anesthesiologists (ASA) physical status [24], complexity graded as one of five
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categories (minor, intermediate, major, major plus, and complex major operation) according
to the British United Provident Association (BUPA) [25], the duration and urgency of
the surgical procedure, the wound category [26], and the experience of the surgery and
anesthesia teams. The variables for anesthesia and surgical experience were handled as
in the validation study of ClassIntra® [17]. In short, anesthesia experience was summed
up with anesthesia nurse in training, his/her graduation, and a resident present in the
operating room each contributing one point; a consultant added another 2 and a senior
consultant added 3 points. Surgical experience was defined by the most senior surgeon
present in the operating room, to which the consultant and the resident (in training)
were compared.

Complexity grades were not available for 4% of the procedures, for which an alter-
native grade corresponding to a comparable procedure was used. There were no other
missing data. All analyses were performed using Stata/SE 15.1 for Windows (StataCorp,
College Station, TX, USA). We followed the STROBE guidelines for reporting the results.

3. Results

Out of 2520 patients, 610 (24%) experienced 778 iAEs according to ClassIntra®, of
which 198 (25%) were of grade I, 417 (54%) grade II, 142 (18%) grade III, and 21 (2.7%)
grade IV. No intraoperative deaths of grade V occurred. Baseline characteristics and
postoperative outcomes are described in Tables 1 and 2.

Table 1. Baseline characteristics for the total study population (n = 2520) and for subgroups without
intraoperative adverse events (iAEs) (n = 1910) and with at least one iAE (n = 610).

All Patients
(n = 2520)

Patients without iAEs
(n = 1910, 76)

Patients with iAE
(n = 610, 24)

American Society of Anesthesiologists
(ASA) physical status

ASA I 503 (20) 431 (23) 72 (12)
ASA II 1118 (44) 852 (45) 266 (44)
ASA III 805 (32) 565 (30) 240 (39)
ASA IV 92 (4) 62 (3) 30 (5)
ASA V 2 (0.1) - 2 (0.3)

Age in adults, median (IQR, range) (n =
2340) 61 (46–72; 18–97) 60 (45–71; 18–97) 64 (49–74; 18–93)

Sex

Male 1382 (55) 1038 (54) 344 (56)
Female 1138 (45) 872 (46) 266 (44)

Body Mass Index in adults (kg/m2),
median (IQR) (n = 2340)

26 (23–30) 26 (23–30) 26 (23–30)

Surgical discipline

Gastrointestinal surgery 1437 (57) 1085 (57) 352 (58)
Orthopedic surgery and traumatology 297 (12) 260 (14) 37 (6)

Vascular surgery 169 (7) 121 (6) 48 (8)
Urology 134 (5) 109 (6) 25 (4)

ENT and maxillofacial surgery 122 (5) 99 (5) 23 (4)
Neuro- and spine surgery 96 (4) 53 (3) 43 (7)

Cardiac surgery 73 (3) 41 (2) 32 (5)
Pediatric surgery 54 (2) 48 (3) 6 (1)

Gynecology 46 (2) 29 (2) 17 (3)
Obstetrics 44 (2) 31 (2) 13 (2)

Reconstructive and hand surgery 26 (1) 21 (1) 5 (1)
Thoracic surgery 22 (1) 13 (1) 9 (2)
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Table 1. Cont.

All Patients
(n = 2520)

Patients without iAEs
(n = 1910, 76)

Patients with iAE
(n = 610, 24)

Complexity of surgical procedure

Minor 105 (4) 94 (5) 11 (2)
Intermediate 437 (17) 383 (20) 54 (9)

Major 790 (31) 613 (32) 177 (29)
Major plus 442 (18) 323 (17) 119 (20)

Complex major operation 648 (26) 431 (23) 217 (36)

Urgency of procedure

Planned 2153 (85) 1627 (85) 526 (86)
Unplanned 367 (15) 283 (15) 84 (14)

Operating surgeon

Senior consultant 1662 (66) 1239 (65) 423 (69)
Junior consultant 544 (22) 427 (22) 117 (19)

Resident 314 (12) 244 (13) 70 (11)

Anesthesia consultant present 2311 (92) 1746 (91) 565 (93)

Senior consultant 1481/2311 (64) 1112/1746 (64) 369/565 (65)
Junior consultant 830/2311 (36) 634/1746 (36) 196/565 (35)

All values are frequencies and percentage (n, %) unless stated otherwise. ENT = ear, nose, throat surgery.

Table 2. Origin of intraoperative adverse events (iAEs) according to surgical discipline. Multiple
iAEs are possible in one patient. All values are frequencies and row percentages. (n, %).

Origin

Disciplines
Total iAEs

(n = 778, 24)
Surgery

(n = 420, 54)
Anesthesia
(n = 283, 36)

Organization
(n = 34, 4.4)

Other
(n = 41, 5.3)

Gastrointestinal surgery (n = 1437) 442 (24) 289 (65) 117(26) 17 (4) 19 (4)
Orthopedic surgery (n = 297) 40 (11) 18 (45) 19 (48) 1 (3) 2 (5)

Vascular surgery (n = 169) 64 (28) 35 (55) 24 (38) 2 (3) 3 (5)
Urology (n = 134) 29 (18) 3 (10) 17 (59) 2 (7) 7 (24)

Ear, nose, throat and maxillofacial
surgery (n = 122) 25 (19) 9 (36) 12 (48) 2 (8) 2 (8)

Neuro- and spine surgery (n = 96) 58 (45) 15 (26) 38 (66) 2 (2) 3 (5)
Cardiac surgery (n = 73) 62 (44) 26 (42) 36 (58) - -

Pediatric surgery (n = 54) 6 (11) 5 (82) 1 (17) - -
Gynecology (n = 46) 22 (37) 7 (32) 8 (36) 7 (32) -
Obstetrics (n = 44) 16 (30) 5 (32) 9 (56) - 2 (13)

Reconstructive and hand surgery (n = 26) 5 (19) 2 (40) 2 (40) 1 (20) -
Thoracic surgery (n = 22) 9 (41) 6 (67) 2 (22) - 1 (11)

3.1. Origin of iAEs

Of all 778 iAEs, the researchers classified a total of 420 (54%) iAEs of surgical origin,
283 (36%) of anesthesia origin, 34 (4.4%) of organizational origin, and 41 (5.0%) of other
origin (Figure 1).

Frequency of iAE by severity grade according to ClassIntra® are depicted in Figure 1.
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Figure 1. Origin of intraoperative adverse events versus severity grade of intraoperative adverse
events according to ClassIntra®. Frequencies and percentages are displayed according to grade.

All grades, except for grade II, were more frequently reported with surgery as the
origin as opposed to anesthesia, with grade I at 113 (27%) vs. 55 (19%), grade III at 84 (20%)
vs. 52 (18%), and grade IV at 12 (3.1%) vs. 5 (1.8%), respectively. Grade II was less frequently
observed to have a surgical origin as compared to anesthesia, with 210 (50%) vs. 172 (60%).
Although iAEs with an organizational origin were predominantly of grade I and II, at
18 (53%) and 14 (41%), respectively, we note that 2 (5.8%) grade III iAEs occurred, meaning
patients with severe symptoms that were potentially life-threatening. iAEs in the other
category occurred before incision or after skin closure and were outside the definitions
of ClassIntra® (34, 87%); referred to open-close procedures due to unresectable tumors
(3, 7.7%); or were insufficiently described (2, 5.1%). Out of the iAEs that were outside the
window, 5/34 (15%) were severe, i.e., grade III or IV.

In the case of unplanned procedures, e.g., emergency or urgent, iAEs of surgical origin
occurred twice as often compared to anesthesia, in 65 (15%) and 19 (6.7%) cases, respectively.

Gastrointestinal surgery was the largest discipline and included most iAEs compared
to the other surgical disciplines in Table 2.

However, the distribution of the iAE origins varied per discipline.
Regarding the distribution of origin according to the case-mix of patients, surgery-

related iAEs occurred more than anesthesia-related iAEs in ASA I patients, in 63/430
(15%) and 13/283 (4.2%) cases, respectively (see Table 1). However, for ASA IV patients
the incidence rate was reversed. There were fewer surgical and more anesthesia iAEs,
with 21/420 (5.0%) and 32/283 (11%) cases, respectively. Likewise, fewer unplanned ICU
postoperative admissions were reported after surgical iAEs compared with anesthesia, with
170/420 (40%) and 172/283 (60%) cases, respectively, per Table 3.
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Table 3. Postoperative outcomes for the total study population (n = 2520) and for subgroups without
iAEs (n = 1910) and with at least one iAE (n = 610).

All Patients
(n = 2520)

Patients without iAEs
(n = 1910, 76)

Patients with iAE
(n = 610, 24)

Origin of procedure (several iAEs
per patient possible)

No iAE 1910 (71) 1910 (100) -
Surgery 420 (16) - 420 (54)

Anesthesia 283 (11) - 283 (3)
Organization 34 (1.3) - 34 (4.4)

Other 41 (1.6) - 41 (5.3)

Most severe iAE according to ClassIntra®

0 1910 (76) 1910 (100) -
Grade I 161 (6.4) - 161 (6.4)
Grade II 309 (12) - 309 (12)
Grade III 122 (4.8) - 122 (4.8)
Grade IV 19 (0.8) - 19 (0.8)
Grade V - - -

Most severe postoperative complication

0 1682 (67) 1367 (72) 315 (52)
Grade I 349 (14) 257 (13) 92 (15)
Grade II 277 (11) 162 (8.5) 115 (19)

Grade IIIa 72 (2.9) 45 (2.4) 27 (4.4)
Grade IIIb 55 (2.2) 40 (2.1) 15 (2.5)
Grade IVa 53 (2.1) 23 (1.2) 30 (4.9)
Grade IVb 7 (0.3) 3 (0.2) 4 (0.7)
Grade V 25 (1.0) 13 (0.7) 12 (2.0)

Duration of surgery, median (IQR, range) 100 (60–170, 4–760) 90 (55–147, 4–760) 151 (93–230, 12–673)

Postoperative length of hospital stay,
median (IQR, range) 3 (2–6, 0–191) 3 (1–5, 0–106) 6 (3–9, 1–191)

IMC/ICU during postoperative course 68 (2.7) 40 (2.1) 28 (4.6)

Intermediate care unit (IMC) 18 (26) 15 (38) 3 (11)
Intensive care unit (ICU) 50 (74) 25 (63) 25 (89)

30-day mortality 26 (1.1) 13 (0.7) 13 (2.1)

All values are frequencies and percentage (n, %) unless stated otherwise. iAEs = intraoperative adverse events.

The experience of the surgical or anesthesia teams did not differ among the iAE origins.
A total of 68 (8.7%) iAEs involved more than one origin. Of these, 35 (52%) involved

hypotension due to bleeding following an inadvertent injury. In these cases, the origin of
the discipline that caused the sequela of the iAEs was accounted for.

The intraclass correlation coefficient for the origins of iAEs between both researchers
was 0.60 (95% CI 0.55–0.64). Full consensus was reached after expert consultation.

3.2. Subcategories of Origin of iAEs

Bleeding was the most frequent iAE of surgical origin, with 217 (28%) cases as shown
in Table 4.

Approximately one-third of the specified bleeding iAEs were of a major caliber vessel,
with 33 (28%) cases. Six bleeding iAEs were of grade IV which needed major and urgent
treatment because of life-threatening symptoms, of which five were specified as major and
one was unspecified. A similar frequency of major caliber bleeding was observed when
categorized by emergency and elective operations.
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Table 4. Origin and subcategories of origin of intraoperative adverse events according to
severity graded by ClassIntra®. All values are frequencies and column percentages (n, %).
Organiz. = organization, oth. = other. * Extensive adhesiolysis without organ injury.

ClassIntra®

Subcategories
Total

(n = 778)
Grade I

(n = 198, 25%)
Grade II

(n = 417, 54%)
Grade III

(n = 142, 19%)
Grade IV

(n = 21, 3%)

Su
rg

er
y

Bleeding 217 (55) 65 (59) 99 (50) 47 (60) 6 (55)
Diffuse 87 (40) 47 37 3 -
Major 33 (15) 2 12 14 5

Unspecified 97 (45) 16 50 30 1

Organ injury 98 (25) 25 (23) 57 (29) 13 (17) 3 (27)
Seromuscular 28 (29) 1 26 1 -
Enterotomy 14 (14) 1 8 4 1
Gallbladder 12 (12) 7 4 1 -

Urinary system 7 (7) 1 3 3 -
Spleen 6 (6) 1 3 - 2

Pulmonal 6 (6) 1 4 1 -
Liver 4 (4) 1 3 - -

Appendix 3 (3) 1 1 1 -
Nerve 3 (3) 2 - 1 -
Bone 3 (3) 1 1 1 -

Stomach 2 (2) 1 1 - -
Other organ 10 (10) 7 3 - -

Adhesiolysis * 20 (5) 4 (4) 15 (8) - 1 (9)

Conversion 13 (3) 2 (2) 2 (1) 9 (12) -

Failed insertion of prosthesis 11 (3) 5 (5) 5 (3) 1 (1) -

Vessel anastomosis leak 6 (2) - 4 (2) 2 (2) -

Bowel anastomosis leak 4 (1) - 1 (1) 2 (3) 1 (9)

Other surgical **** 29 (7) 9 (8) 16 (8) 4 (5) -

A
ne

st
he

si
a

Cardiovascular circulation 210 (67) 42 (71) 122 (68) 41 (68) 5 (63)
Hypotension 118 (56) 21 76 20 1
Hypertension 26 (12) 8 14 4 -
Arrhythmia 31 (15) 10 11 8 2

Heart insufficiency 19 (9) - 12 6 1
Bradycardia 8 (4) 1 6 1 -
Tachycardia 5 (2) 2 3 - -

Other cardiovascular 3 (1) - - 2 1

Airway and respiratory system 28 (9) 4 (7) 13 (8) 9 (15) 1 (13)
Hypoventilation 11 (39) 2 4 5 -

Intubation related 7 (25) - 5 2 -
Hypoxemia 3 (11) - 3 - -

Other airway related 7 (25) 1 1 2 1

Laboratory findings 25 (8) 3 (5) 14 (8) 7 (12) 1 (13)

Insufficient sedation 14 (5) 2 (3) 12 (7) - -
Conversion to general anesthesia 5 (31) - 5 - -

Need for extra sedation 9 (56) 2 7 - -

Systemic reactions 9 (3) 3 (5) 6 (3) - -
Hypothermia 4 (44) 1 3 - -
Anaphylaxis 3 (33) 1 2 - -

Hyperthermia 2 (22) 1 1 - -

Renal system 4 (1) 1 (2) 3 (2) - -
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Table 4. Cont.

ClassIntra®

Subcategories
Total

(n = 778)
Grade I

(n = 198, 25%)
Grade II

(n = 417, 54%)
Grade III

(n = 142, 19%)
Grade IV

(n = 21, 3%)

Lesions 2 (1) 1 (2) 1 (1) - -
Pressure marks 1 (50) - 1 - -
Other lesions 1 (50) 1 - - -

Other anesthesia **** 19 (6) 3 (5) 12 (6) 3 (5) 1 (13)

O
rg

an
iz

. Instrument failure 12 (43) 7 (41) 5 (45) - -

Team communication 10 (36) 8 (47) 2 (18) - -

Logistics 6 (21) 2 (12) 4 (36) - -

O
th

.

Other 41 (5) 12 (6) 23 (6) 4 (3) 2 (10)

**** See Supplementary Materials for descriptions of other surgical and anesthesia iAEs (Table S3).

Organ injury was the second most frequent subcategory of iAEs of surgical origin and
included a quarter of the surgical iAEs mainly of low severity, with grade I at 25/98 (26%)
and grade II at 57/98 (58%) cases. The majority of injuries were serosa lesion, enterotomy,
and gallbladder injury. Adhesiolysis was mentioned in 33 events; in 13 of these cases,
adhesiolysis coincided with organ injuries such as serosa injury or enterotomy. A total of
13 (3%) conversions were reported, of which 5 were due to limited overview, 1 to bleeding,
1 to instrument failure, and 6 with no provided context.

In anesthesia, cardiovascular iAEs were most often reported with 210 (67%) cases,
including 118 (56%) cases of hypotension and 31 (15%) cases of arrhythmia. Based on the
required treatment for hypotension, 53 (45%) cases were mild, 36 (31%) were profound, and
29 (25%) were unspecified. A total of 21 cases of hypotension were severe (grade III or IV)
of which 20 were profound and 1 was unspecified. Mild hypotension iAEs were recorded
with low severity, namely, 9 grade I and 44 grade II cases. In addition, the unspecified cases
were mostly low severity with 5 grade I, 23 grade II, and 1 grade III case.

A total of 28 iAEs were organizational: 12 (43%) were due to instrument failure,
10 (36%) were due to team communication, and 6 (21%) were due to logistics, all of which
were grade I or II.

3.3. Multivariable Analysis

The log-likelihood ratio test comparing goodness of fit of the multivariable models
including severity grades of ClassIntra® with and without origin was not statistically
significant (p = 0.15; Table S2).

4. Discussion

The descriptive analysis of 778 iAEs in 610 patients, from an international multicen-
ter prospective cohort study across a wide range of surgical disciplines and anesthesia,
offered insights in the incidence and origin of iAEs that occurred between skin incision
and skin closure. Surgery encompassed half of all iAEs, and anesthesia accounted for
one-third. Almost one in ten iAEs involved both disciplines and seemed interdependent.
Organizational iAEs were rarely reported, likely due to the lack of awareness of the origin
as an iAE, but still viewed as part of the procedure. Bleeding, hypotension, and organ
injury were the most frequently reported subcategories of origin. The addition of origin did
not alter the previously reported association between severity of iAEs and postoperative
complications [17,18].

The detailed analyses and work-up of the origin of iAEs offer important advantages.
While surgery accounted for the majority of iAEs, the proportion of the most severe iAEs
was comparable with anesthesia-related iAEs. One in five of surgery- and anesthesia-
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related iAEs was of major severity, defined as ClassIntra® grade III or IV, which potentially
leads to permanent disability. The reporting of well-recognized iAEs (e.g., bleeding and
hypotension) was close to reality as reflected by the high incidence. However, with the
increasing complexity of procedures and the usage of minimally invasive surgical devices,
more organizational device-related iAEs were expected but not reported. Only 12 out of
778 iAEs (1.5%) were reported as instrument failure, which is a fraction of the 15% incidence
that was reported by direct observation using audio and video recorders, also known as
medical data recording [27]. Organizational iAEs might be of lower severity but impact
the duration of surgery [28]. Medical data recording of laparoscopic cholecystectomies
revealed an average delay of 15 min for each procedure due to workflow interruptions,
with a subsequent increase in financial health costs [28].

All study centers participating in the ClassIntra® validation study routinely used a
perioperative checklist and an enhanced recovery protocol after surgery whenever ap-
plicable for the type of surgery. Yet, a standardized system for reporting iAEs was not
developed, possibly leading to small differences in the reported incidences of iAEs between
centers. Surgeons have indicated that the most common barriers to reporting iAEs are
the fear of litigation, the lack of a standardized reporting system, and the absence of clear
definitions for iAEs [29]. Longstanding systemic and cultural practices have hampered
adequate reporting of iAEs, but this could be overcome with a positive culture and open
communication surrounding iAEs [9,30]. A validated grading system offers a tool for uni-
form and standardized reporting but falls short of addressing the details of the iAE that
could be relevant for postoperative care. Grading an iAE including its origin and describing
subcategories may offer structured, relevant, and complete information for postoperative
debriefing and handover to the recovery room, general ward, or intensive care unit. More
complete information may avoid communication failure at the postoperative handover,
which is the root cause for 70% of sentinel events in the postoperative course [31]. The
simplicity of the ClassIntra® classification with origin and subcategories allows for easy
integration in the sign-out of the WHO safety checklists directly after surgery [17,32].

There is a rapid increase in the number of publications investigating iAEs but com-
parisons are impeded by their heterogeneity [9]. More than 20 different definitions for
iAEs are applied and methods vary from chart reviews, (prospective) self-reporting, direct
observation by human observers, to medical data recording [3,4,7,17].

With the emergence of checklists, crew resource management protocols, and medical
data recording in the operating room, non-surgical iAEs of anesthesia- and non-technical
origin (e.g., organizational or communication) have also gained interest [17,33–35]. A
prospective evaluation of the characteristics of iAEs of any origin in a large cohort of
multiple surgical disciplines is new and may overcome shortcomings of previous studies.

For example, Kaafarani et al. conducted a retrospective chart review of surgery-related
iAEs in abdominal surgery and developed a classification for iAEs [14]. They identified an
iAE incidence of 1.9%, which is much lower than the 17% incidence of surgery-related iAEs
in this study. Moreover, the study did not account for anesthesia-related iAEs and, hence,
ignored a significant part of the intraoperative course.

A landmark study by Gawande et al. conducted two decades ago investigated
15,000 surgical patients for iAEs of surgical or other medical origins, including anes-
thesia. Although Gawande accounted for a range of iAEs, e.g., bleeding, dysrhythmia,
acute myocardial infarction, and technique-related complications, they did not differentiate
between intra- and postoperative events. Overall, they found that more than half of all
iAEs were of surgical origin, of which half were deemed preventable [3]. Despite the lack
of further details concerning iAEs, the reported incidences were considerably lower than
the 24% incidence rate of iAEs reported in our study. This difference is possibly due to
the increased awareness of the impact of iAEs on patient outcomes in the surgical and
anesthesia community overall, which is also reflected by the broad implementation of peri-
operative quality improvement programs such as surgical safety checklists and enhanced
recovery after surgery [32,36]. A study investigating reporting bias revealed twice as many
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intra- and postoperative complications by chart review, compared to self-reporting by the
treating perioperative team [37]. The main strength of this study is the detailed information
of any type of iAEs in a large and broad surgical cohort across countries, improving the
generalization of results. The high incidences reported most likely reflect real occurrences
due to the prospective nature of this study and the motivation of participating clinicians to
record iAEs [38].

However, this study also has limitations. First, surgical and anesthesia teams may have
had different behavior towards a certain event type with a higher interest and knowledge of
surgical and anesthesia in contrast to organizational iAEs. This may question the accuracy of
the reported incidence of the latter event type [37]. Second, categorization of iAEs may have
been wrong in some cases due to the limited context provided in the free-text description,
despite two blinded clinical researchers and consensus in all cases after consultation with
senior physicians. In addition, categorization of hypotension might be flawed as the
optimal blood pressure for adequate perfusion is not individually weighted. Third, an
iAE may arise due to an interplay of causal factors including organizational, human, and
patient-related factors [39]. In this study, 10% of all iAEs involved multiple origins. Our
data did not allow for describing the interaction between the different causative factors
of iAEs. In particular, discussing interdependent iAEs with all members of the operative
team can reveal insights in the pathogenesis of iAEs and trigger concerted postoperative
diagnostic and therapeutic measures, which may enable early decision making to prevent
postoperative complications and longer hospital stays [12]. Finally, we acknowledge that
adverse events could have occurred outside the defined window between skin incision
and skin closure. The definition for this timeframe is based on the results of the Delphi
process in which ClassIntra® (formerly CLASSIC) was developed [40]. An additional study
is planned to reevaluate the timeframe for assessing iAEs and to extend it beyond skin
incision until skin closure.

Introducing content-rich, uniform and adequate reporting, and a positive learning
culture allows for benchmarking of iAEs in clinical practice and research. It could enhance
open communication and efforts for the development and implementation of strategies to
mitigate iAEs.

5. Conclusions

Adding origin and subcategories to the severity grade of ClassIntra® may offer individ-
ualized and contextualized information of iAEs, directing surveillance in the postoperative
care, however, without altering the prognostic strength of this classification. Simple and
complete descriptions of iAEs might be most relevant for easing the postoperative debrief-
ing, handovers, and decision making on the ward or in the ICU.
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Abstract: Gastric cancer is ranked as the fifth most frequently diagnosed type of cancer. Complete
resection with adequate lymphadenectomy represents the goal of treatment with curative intent.
Quality assurance is a crucial factor in the evaluation of oncological surgical care, and centralization
of healthcare in referral hospitals has been proposed in several countries. However, an international
agreement about the setting of “high-volume hospitals” as well as “minimum volume standards” has
not yet been clearly established. Despite the clear postoperative mortality benefits that have been
described for gastric cancer surgery conducted by high-volume surgeons in high-volume hospitals,
many authors have highlighted the limitations of a non-composite variable to define the ideal
postoperative period. The textbook outcome represents a multidimensional measure assessing the
quality of care for cancer patients. Transparent and easily available hospital data will increase patients’
awareness, providing suitable elements for a more informed hospital choice.

Keywords: gastric cancer; gastrectomy; hospital volume; surgical volume; centralization; textbook
outcome; quality of care; healthcare

1. State of Art

Gastric cancer represents one of the main causes of cancer mortality worldwide [1].
Although significant advances in diagnostic and therapeutic tools have improved survival
outcomes, surgery remains the only curative therapy for gastric cancer patients. Surgical
resection of the primary tumor with adequate lymphadenectomy is considered the only
curative therapeutic approach for resectable gastric cancer, while preoperative and adjuvant
chemotherapies may improve the outcomes aiming at the reduction of recurrence rate and
the increase in survival [2,3].

However, the extension of lymphadenectomy is still an open issue between European
and Japanese surgical schools [4]. At present, based on scientific and technical outcomes,
the Western perspective on lymphadenectomy in gastric cancer surgery has been reversed.
Consequently, most national and international scientific societies agree on D2 lymphadenec-
tomy as the standard of treatment with curative intent [5]. Overall, the main goal of gastric
cancer surgery is to improve patients’ postoperative recovery, resulting in a better quality of
life, and to maximize long-term oncological outcomes through a proper surgical approach
with a tailored lymphadenectomy [6,7].
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Many novel gastric cancer classifications aimed at clinical and prognostic applica-
tions have been recently suggested [8]. The new classifications are based on tumor lo-
cation, histopathology, gene expression, gene amplification, DNA methylation, several
cancer-relevant aberrations, and oncogenic pathways [9–14]. The Cancer Genome Atlas
(TCGA) and Asian Cancer Research Group (ACRG) [9,10] have proposed a molecular-
based classification of gastric cancers finding new ways to treat the disease with a more
personalized approach. Several reports highlighted specific demographic and pathological
features (such as age, tumor location, invasion, and stage) shown by distinct molecular
subgroups [9,10,15–19]. Similarly, the project High-tech Omics-based Patient Evaluation
(HOPE) has established an updated molecular classification that predicts disease-specific
and overall survival in patients undergoing radical gastrectomy [20].

Notwithstanding, despite advancements in surgical techniques [21,22], active involve-
ment in clinical, translational, and basic research together with the improvements in
perioperative care, short- and long-term outcomes still vary considerably among different
providers and countries [23–26]. In an effort to reduce these variations and pursue the
provision of high-quality cancer care, volume-based referral has been advocated as an
adequate predictor for good quality of care [27]. In 1979, Luft HS et al. [28] introduced the
concept of “surgical volume” stating that high-volume hospitals have better outcomes than
low-volume hospitals for complex surgical procedures.

2. Centralization

“Centralization” is defined as a process of concentration of resources, including staff,
materials, infrastructures, knowledge, research, and expertise to enhance the quality of care
achieving better financial efficiency. The centralization of major cancer surgery in hospitals
with a high annual volume of procedures significantly reduces the risk of perioperative
morbidity and mortality [29–31]. As a result, a plethora of research papers have investigated
the relationship between surgical volume and outcome, and several policy strategies,
particularly those designed to limit complex surgery to certified high-volume hospital
and/or surgeons, have been debated. In 1999, the US National Cancer Policy Board of the
Institute of Medicine published a statement to “ensure that patients undergoing procedures that
are technically difficult to perform and have been associated with greater mortality in lower-volume
settings receive care at facilities with extensive experience” [32].

Therefore, between the 1990s and 2000s, there was a shift also in private practice,
such as the Leapfrog Group, for referrals being based on hospital volume [33]. Given
these assumptions, some authors have recommended the creation of minimum volume
thresholds to limit the number of centers with low levels of activity [34,35]. In 2008,
Bilimoria KY et al. analyzed the distribution of 27,420 gastrectomies collected in the US
National Cancer Database, identifying the lowest volume hospitals as those performing
less than four and highest volume centers when performing more than seventeen gastric
resections per year [36]. It was estimated that 179 perioperative deaths and 493 long-
term deaths could have been avoided in high-volume centers, showing a higher risk
of perioperative death and a worse 5-year survival for patients treated in low-volume
hospitals [36,37].

Quality assurance has been increasingly recognized as a critical factor in the oncologi-
cal surgical care process and, also for gastric cancer surgery, these associations between
volume and outcome have been described [23,24,26]. In 2001, the Association of Upper
Gastrointestinal Surgeons of Great Britain and Ireland (AUGIS) set the ideal threshold
of volume standards for gastric cancer surgery at a minimum of 15–20 resections per
year [38]. Subsequently, in 2003, research from Denmark highlighted the strong relationship
between volume and outcomes, reporting less anastomotic leakages, a decreased 30-day
mortality, and improved lymph node harvesting after the centralization of cases [38,39].
However, the cut-off point for the minimum number of surgical procedures was not exactly
defined. On the other hand, several North American studies have reported conflicting
results [31,40–43]. Past definition of high-volume center referred to a cut-off between 15
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and 35 annual cases [31,40,41,43–45], whereas a recent international panel [46] defined
consensus guidelines on the standard of care for gastric cancer surgery, setting the appro-
priate threshold for high-volume centers at more than 15 gastrectomies per year. In the
Netherlands, the Dutch Health Care Inspectorate imposed a minimum of 10 gastrectomies
per institution per year in 2012, and 20 per year from 2013. As a result, the total number
of institutions performing gastric cancer surgery decreased, and the annual procedural
volume per high-volume hospital increased [30,47]. In Italy, a minimum of 20 cases is
considered the cut-off for referral centers treating gastric cancer. In 2017, a systematic evalu-
ation of Italian hospital data, covering the years 2012 to 2015, identifies 40 cases per hospital
as the cut-off for a relevant decrease in mortality [48]. These data need to be interpreted
with caution because, according to this threshold, only 10.7% of total gastrectomies were
performed in high-volume centers.

Even though the centralization of complex surgical oncology into high-volume hos-
pitals has been prompted globally [38,49–51], an international agreement about the clear
identification of high-volume hospitals as well as minimum volume standards has not yet
been established. No study was able to identify specific thresholds on which outcomes
change clearly and causally., and volume thresholds are usually set arbitrarily.

Centralization is important for surgeons to gain sufficient experience and proficiency
in order to develop their expertise and achieve high-quality surgery [52]. Most studies
about trends in volume and surgical outcomes have assessed mortality as the primary
indicator, suggesting that this variable has a positive association with the length of hospital
stay [53], recovery time [54], cost of the hospitalization [55], related morbidity [56,57] and
disease-free survival [58,59]. However, mortality alone, investigated through a simple
logistic model, may be insufficient to establish surgical activity thresholds. or to encourage
potential modification of organizational structures [60]. A regression that does not control
for organizational effectiveness will find a positive relationship between volume–outcome,
whereas it is organizational skills and proven internal protocols, not higher hospital volume,
that drives improved patient outcomes [61]. The opportunity of having standardized
clinical pathways and healthcare professionals perfectly integrated into the tumor board,
such as digestive endoscopy, trained anesthetists, and interventional radiology, guarantees
the optimization of the perioperative process and a timely and effective management of
postoperative complications [62–64].

Another interesting issue is that health planning aimed at the centralization of rare
diseases may increase the probability that patients will be treated in hospitals with a
comprehensive range of experienced specialists (nursing, radiology, pathology, and geri-
atrics), services to support the provision of care (physiotherapy, dietetics, and psychosocial
support) and free access to new technological advances [65,66]. Over the past decades, min-
imally invasive gastrectomy has become increasingly utilized, as lower complication rates
and shorter hospital stays have been described, despite similar long-term survival [67–69].
Robotic-assisted gastrectomy might overcome some challenges, by offering improved visu-
alization through 3D images and increased magnification, instrument articulation, superior
ergonomics, and tremor filtration. Minimally invasive surgery has been demonstrated
to be safe and effective, mainly if performed in referral centers, even if further trials are
required to establish the superiority of robotic gastrectomy on long-term outcomes [70].
On a population level, the introduction of robotics is expected to have contributed to the
centralization of cases in an unintended but potentially beneficial way. To date, Italy boasts
more than 100 da Vinci surgical robotic systems, most of them from northern regions with
an unequal distribution across the country. On the other hand, its true impact on cancer
control, functional outcomes, and access to care is still opaque. Potential risks are longer
waiting times from referral to surgery to having the surgical procedure and increased
medical tourism [71]. New robotic systems are currently being developed, which will make
surgical technologies more widely available, facilitate collaboration among surgeons, who
may be separated by distance, in real-time, and decrease patient travel. On a professional
level, recent evolutions in care, such as remote surgery, requires continuous training, cre-
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ation, and revision of specific guidelines and protocols, bringing new challenges to surgical
equipment and to their work [72].

Overall, the evidence from clinical data to support the advantages of centralization
has not been proven beyond any doubt, showing previous studies on the “gastrectomy case
volume” conflicting and heterogeneous results [73–77]. It is gradually becoming clear that a
mere concentration of the number of cases per hospital or per surgeon is not enough.

3. Predictors for Good Quality of Care

In Europe, the mortality rate after gastric cancer surgery ranges from 2% in specialized
centers [78] to 10% in certain nationwide registries [26]. Quality assurance has been
regarded as the current main challenge for surgeons [27], in order to pursue the so-called
“rescue phenomenon”, i.e., the ability to prevent minor postoperative events from developing
into severe complications and death.

Standardized surgical therapy is supported in surgical oncology, due to the weak
evidence of the surgical randomized control trials, especially those focusing on chemother-
apy. Many international initiatives, such as the new platform SURGCARE, a collaborative
project between the European Society of Surgical Oncology (ESSO) and the Japanese Clinical
Oncology Group (JCOG) [79,80], invested their resources and promoted quality assurance.
In gastric cancer, the pursuit of evidence-based medicine and the shift toward precision
surgery [81] have advocated the standardization of gastric cancer treatment and the cre-
ation of a standard level of competence. This application includes multimodal aspects of
treatment, surgical competence with particular attention to the application of minimally
invasive approaches, the establishment of a registry of complications as well as a medical
database including follow-up [82].

For this purpose, the risk-adjusted and case mix-adjusted American College of Sur-
geons National Surgical Quality Improvement Program (ACS-NSQIP) has been established,
with the aim to collect data that provide an accurate, correct, and thorough analysis, in
order to help surgeons and hospitals to better understand the quality of their care than
similar hospitals with similar patients [83]. Each hospital assigns a trained Surgical Clinical
Reviewer to collect 30-day perioperative data on a web-based platform. Blinded infor-
mation is shared with participant hospitals, allowing them to nationally benchmark their
complication rates and surgical outcomes [84].

Over the past years, several studies have investigated the effect of hospital volume
on gastric cancer surgery outcomes, leading to the concept that centralization results
in better outcomes, acting as a proxy measure for various processes and providing the
advantages of a qualified multidisciplinary team and a comprehensive multidimensional
assessment [85,86], easier access to sophisticated cancer imaging equipment, availability
of skilled surgeons, and better postoperative care facilities [30,87–90]. In this regard, an
experienced radiologist with dedicated skills in gastric cancer metastasis detection (i.e.,
gastric carcinomatosis) is fundamental to allow for better patient selection [91]. Similarly,
it has been proven that intensive care units (ICUs) with dedicated board-certified staff
are associated with a lower post-gastrectomy mortality rate [92,93]. Additionally, early
diagnosis as well as successful and effective management of postoperative complications
might be better in high-volume hospitals [94]. Moreover, in an attempt to guarantee high-
quality oncologic care, the discussion of clinical cases within a regional multidisciplinary
expert panel is advocated [95].

In addition, the existing research does not focus on the patients-perceived quality
of care [96]. A Swedish analysis emphasized that patient satisfaction arises from well-
functioning care pathways, individualized care plans, continuity of treatment with local
providers, accessibility for contact and information, involvement in the care process, and
limited waiting time. A dramatic disadvantage of centralization is an increase in travel
demands. A recent experiment conducted in England highlighted that patients were
prepared to travel an average of 75 min longer to decrease their risk of complications by
1%, and over 5 h longer to reduce the risk of death by 1%, in line with the centralization
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trend [97]. Additionally, centralization should address real-life issues, such as postoperative
continuity of care, long-term follow-up, and the possible need for urgent readmission [98].
The literature data suggested that most patients were prepared to travel long distances
to receive specific care, but information on clinical outcomes of different hospitals is not
widely available for the patients.

The present finding raises the possibility to shift from “output” (maximizing the num-
ber of “stuff ” produced and of tasks in the guidelines), to “outcomes” mindsets (applying to
understanding your patients’ needs and solving their clinical problems). A clear focus on
outcomes helps organizations succeed better by achieving “patient centricity” and maximiz-
ing the bottom line in terms of efficiency and costs. However, an organization that focuses
primarily on solving its own problems (“impact”), will lose sight of its patients. Considering
such evidence, it is mandatory to detect adequate predictors for good quality of care.

3.1. Hospital Volume

Despite the lack of unanimity [73,99], there is a growing recognition that multidis-
ciplinary care in high hospital volume can improve postoperative mortality for gastrec-
tomy [51,100,101].

Nelen SD et al. [77] reported a study aimed at investigating the outcomes of 250 gastric
cancer patients after the centralization of surgery in the Netherlands since the introduction
of the centralization policy in 2012. The treatment in high-volume hospitals resulted in an
improvement in the percentage of patients treated with appropriate lymphadenectomy
(21% vs. 93%, respectively), and a successful introduction of laparoscopic gastrectomies
(6% vs. 40%, respectively). However, centralization did not realize an improvement in
30-day mortality as well as complication requiring a reintervention. More recently, the
same Dutch study group reported the impact of centralization of gastric cancer surgery in
a population-based setting. In this updated study comparing 3777 gastric cancer patients
treated between 2009–2011 and 3427 between 2013–2015, the impact of the centralization
was more evident in terms of improvement in surgical outcomes (lymph node retrieval
and R0 resection rate), lower postoperative mortality and increased overall survival for all
gastric cancer patients [102].

On the other hand, Claassen YHM et al. [39] did not report differences in morbidity
and mortality rates between the hospital volume categories, ranked as very low (1–10
gastrectomies/year), low (11–20), medium (21–30), and high (31 or more). They postulated
that patients referring to medium and high-volume centers had major comorbidities (co-
morbidity score ≥3) or more frequently underwent total gastrectomy surgery. Moreover,
a retrospective review of the CRITICS trial reclassified hospitals as low-volume (1–20
gastrectomies/year) and high-volume (21 or more) finding higher overall survival and
disease-free survival from high-volume hospitals [103].

Agnes A et al. argued that the high-volume status is referred to surgeons performing
a high number of gastric resections and to other measurable and non-measurable variables,
such as case mix (complexity of operation, comorbidities), well-organized perioperative
process (ICU, trained anesthesiologist, radiologist, and nurses, availability of other spe-
cialists around the clock), timely management of postoperative complications (continuous
assistance from experienced physicians, interventional radiology, digestive endoscopy)
and appropriateness of the indication resulting from multidisciplinary cancer boards [104].
Most of these aspects could directly improve early postoperative outcomes and influence
failure to rescue phenomenon [105].

The UK National Esophago-Gastric Cancer Audit registered a 90-day mortality of <5%
and an anastomotic leakage rate of 6.3% in gastric cancer surgery. Moreover, after adjust-
ment, lower 30-day mortality and anastomotic leak rate were observed in hospitals with
higher volumes, while higher surgeon volume was associated with a lower anastomotic
leak rate [106]. A German observational study revealed that treatment in a very high vol-
ume is associated with lower in-hospital mortality compared to low-volume hospitals [107].
Similar results arose from the Taiwan National Insurance Research Database [108]. Interest-
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ingly, postoperative mortality was low for each hospital volume category in a retrospective
French study [109] that reported the impact of institution volume on 90-day postoperative
mortality after gastric cancer surgery. Postoperative mortality rate ranged from 4.3 to 10.2%
and resulted in 7.9% in very high-volume hospitals (at least 60 resections/year). Those
data suggest the role of other factors, such as hospital facilities, or timely recognition of
complications, in determining outcomes [30]. It could be argued that death or complication
after surgery are imperfect measures of surgical quality.

On the other hand, a Japanese perspective on a total of 145,523 patients who underwent
distal gastrectomy for gastric cancer by 11,914 surgeons at 2182 institutions has been recently
published [110]. Hospital volumes were divided into 3 tertiles (low, 1–22 cases per year;
medium, 23–51 and high, 52–404): An inversely proportional relationship between mortality
rate and hospital volume was registered, resulting in the operative mortality of 1.9% in
low-volume hospitals, 1.0% in medium and 0.5% in high (p < 0.001). Similarly, surgical
complications such as anastomotic leakage, pneumonia, and surgical site infection were
significantly higher in low-volume hospitals (p < 0.001) [110,111]. The same group recently
analyzed a cohort of 71,307 patients undergoing total gastrectomy at 2051 institutions.
Hospital volumes were divided into three tertiles: low, 0–11 cases per year; medium,
12–26, and high, 27–146. The peri-operative mortality rate passed from 3.1% in low-
volume hospitals to 1.7% and 1.2% in medium and high volumes, respectively (p < 0.001).
Surprisingly, the anastomotic leakage rate was not significantly different between low- and
high-volume hospitals, while the rate of septic shock and medical complications of the
nervous system were significantly higher in low-volume hospitals (p < 0.001) [112].

However, if Persi Diaconis and Frederick Mosteller’s “law of truly large numbers” was
true, with a sufficiently large number of samples, any highly implausible result would
be likely to be observed. Since the occurrence of probable events is never surprising, we
highlight fewer probable events [113].

A South Korean study, using National Health Insurance Service (NHIS) Sampling
Cohort data during 2004–2013, noted that if mortality decreased with increasing hospi-
tal volume, the risk of mortality increased again after reaching some level of surgery
volume [35].

Another interesting topic is the assessment of procedure volume effect on patient
outcomes after the perioperative period. Long-term outcomes could be strongly influenced
by the appropriateness of patient selection for peri-operative therapies, the type of surgery,
the technical skills of the surgeon, and the availability of a specialized pathologist to
appropriate stage the disease. To date, only a limited number of studies investigating the
relationship between hospital volume and long-term survival after gastrectomy have been
published, with scarce and conflicting results [43,51,73,99,102]. Birkmeyer JD et al. [31]
explored the relationship between hospital volume and late survival after different types of
cancer resections, using the national Surveillance Epidemiology and End Results (SEER)–
Medicare-linked database. They found a statistically significant association between 5-year
survival and hospital volume, reporting a lower survival rate in low-volume compared
with high-volume centers (25.6% vs. 32.0%, respectively), irrespective of differences in
the use of adjuvant radiation and chemotherapy [31]. On the contrary, a prospective,
population-based study of 3293 consecutive patients with esophageal or gastric cancer
endorsed by the Scottish Audit of Gastric and Oesophageal Cancer (SAGOC) failed to
demonstrate any correlation between hospital volume and postoperative morbidity or
mortality, nor between survival and volume of patients neither for the hospital of diagnosis
nor hospital of surgery [73].

There is much debate if positive relationship volume–outcome results from a practice-
makes-perfect or a selective-referral mechanism. Under the first hypothesis, repeatedly
performing procedures yields experience and enhances the organization of the surgical
team, improving future outcomes. Under the second hypothesis, better outcomes attract
more patients. Of course, practice-makes-perfect supports centralization, whereas selective-
referral does not.

32



J. Clin. Med. 2023, 12, 2708

3.2. Surgeon Volume

The hospital volume and outcome relationship does not maintain its correlation at the
individual surgeon level. As for hospital volume, similar attention was paid to the relation-
ship between mortality rate and surgeon volume. Several reports have demonstrated an
impact of surgeon activity on postoperative short- as well as long-term outcomes among
patients undergoing gastric cancer surgery [110,114,115]. Even though 10-15 gastrectomies
per year were suggested as a minimum surgeon volume for gastrectomy, [50,116], further
evaluation in a large-scale cohort is needed [110].

Furthermore, it is hard to apply the same caseload threshold to clinical practice in
different countries since the differences in epidemiology, biology, and treatment strategy
can influence the cut-off value.

In the Western setting, the lower incidence of gastric cancer also resulted in a lower
average volume, which ultimately led to poorer opportunities for surgical trainees. In terms
of postoperative results, the learning curve is considered optimized once the minimum
threshold of 15–25 cases is exceeded [117–119]. In the minimally invasive era, a significant
reduction of the conversion rate and an increase in the lymph node yield was reported after
the 10th case [120]. Moreover, comparing well-trained laparoscopic surgeons working in
high- and low-volume hospitals, perioperative outcomes were not influenced, underlining
that hospital volume is not a decisive factor [121].

In Japan, the National Clinical Database (NCD) was established in 2010 with the aim
of recording all procedures performed by national surgeons. From this project, data on
11,300,000 Japanese patients with gastric cancer were extracted to discuss how surgical and
hospital volume impact mortality following surgery for gastric cancer [110]. Interestingly,
Iwatsuki M et al. disclosed a strong impact of hospital and surgeon volume on mortality
and morbidity rates [110,112]. Particularly, dividing surgeon volume into four groups,
S1 (0–2 cases per year), S2 (3–9 cases), S3 (10–25 cases), and S4 (>26 cases), the operative
mortality rate after a total gastrectomy decreased from 2.5% in S1 to 0.6% in S4. By
contrast, after proper statistical analysis adjusted by risk model variables (demographic
factors, preoperative functional status, pre-existing comorbidities, operative factors, and
preoperative laboratory data), only hospital volume showed a crucial role in improving
outcomes compared with the surgeon volume. In other words, surgeons with low volumes
could obtain lower morbidity and mortality rates compared to surgeons with high volumes
and worse results.

Urbach DR et al. assumed that low-volume surgeons may have excellent outcomes
because of experience or because they performed a high volume of similar operations
requiring similar technical skills [122]. Interestingly, the best postoperative outcomes were
obtained by high-volume surgeons in high-volume hospitals, followed by low-volume
surgeons in high-volume hospitals [123]. These results may influence surgical training
programs and the centralization of advanced surgical procedures.

However, a more precise standardization of surgical training is needed through dedi-
cated fellowships or the establishment of a minimum skill–volume load for performing
certain surgical procedures. If no doubt exists that the accreditation of hospitals improves
surgical quality and safety, surgeons’ accreditation programs are currently lacking. The
ESSO Core Curriculum, since its conception in 2013 by ESSO, the European Society for
Radiotherapy and Oncology (ESTRO), and the European Society of Medical Oncology
(ESMO), has served as a guidance document for surgical oncologists to obtain the level of
knowledge needed both for surgical oncology practice but also for the European Board
of Surgery Qualification (EBSQ) in surgical oncology. In October 2021, an update on
ESSO Core Curriculum was published [124], with the aim to give the candidate an idea
of expectations and areas for in-depth study, in addition to the practical requirements
to “permit flexibility to suit the needs of the different regions of the world with their inherently
diverse sociocultural, financial and cultural differences”—Audisio R. In this way, the paradox
of having a particular hospital accredited to perform several complex procedures without
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having qualified accredited surgeons can be avoided. It is time to shift from the pursuit of
high-volume to high-quality centers.

On the other hand, the annual surgeon activity can only represent a surrogate marker
for medical care quality [125], since it may not cover the complexity of this issue consisting
of hospital volume, specialization, and mentorship opportunities [114]. Quality of care, in
fact, consists of more than the performance of a single surgeon. Organizational effectiveness,
perioperative care, anesthesia, ICU staffing, the experience of the nursery staff, nutritional
evaluation, comprehensive geriatric assessment [85], and collaboration between different
disciplines all contribute to the outcomes of the performed procedure [25].

3.3. Textbook Outcome

In 2017 the Dutch Upper Gastrointestinal Cancer Audit (DUCA) group designed the
Textbook Outcome (TO), a multidimensional scale that provides an ideal route after esoph-
agogastric cancer surgery [126]. It comprises ten perioperative quality-of-care parameters:

(1) Complete, potentially curative, resection as judged by the surgeon at the time of surgery;
(2) No intraoperative complication;
(3) Negative resection margin;
(4) Greater than 15 lymph nodes sampled;
(5) No severe postoperative complications (Clavien–Dindo grade II or higher);
(6) No re-intervention (surgical, endoscopic, or radiological) ≤30 days after surgery;
(7) No unplanned ICU or medium-care unit (MCU) admission ≤30 days after surgery;
(8) Duration of stay not exceeding 21 days;
(9) No 30-day readmission;
(10) No 30-day mortality following surgery.

They demonstrated that the quality of surgical care for patients with gastric cancer is
multidimensional, and it is possible to generate supplementary information when different
outcome parameters are combined into a single comprehensive outcome measure. TO was
achieved in 48.6% (569/1172 patients) of patients with gastric cancer, resulting in a good
match of 30-day postoperative mortality (5.5%) and severe postoperative complications
(11.7%) when compared with other contemporary results [25,127].

In van der Kaaij’s RT series, TO was associated with long-term overall survival (OS)
after surgery for gastric cancer. Patients with a TO had 1-, 2-, and 3-year overall survival
rates of 85%, 70%, and 64%, respectively, versus 64%, 49%, and 42% for patients with no TO,
respectively. Good patient selection, well-performed surgery, and optimal postoperative
care can ensure a rapid discharge, optimize long-term outcomes, and reduce costs for
the healthcare system. Interestingly, the DUCA group achieved TO in 23% of patients in
hospitals performing 0 to 19 gastrectomies per year, 29% in hospitals performing 20 to
39 gastrectomies per year, and 27% in hospitals performing more than 40 gastrectomies per
year [128,129].

The next update of the Population Registry of Esophageal and Stomach Tumors of
Ontario (PRESTO) group did not include radical resection according to the surgeon and
intraoperative complications (previously not unambiguously differentiated from postoper-
ative complications) [130]. Overall, the new TO definition included eight points in total and
was achieved in 24.6% of patients with gastric cancer. First, the proportion achieving TO
varied significantly by year of surgery and displayed a significant and positive trend (20.3%
in 2004 and 29.3% in 2015, p < 0.001). Secondly, surgeons and hospitals were ranked into
quintiles (Q): surgeon Q1 performing 0 gastrectomies per year to surgeon Q5 performing
3.5–9.5 gastrectomies per year, and hospital Q1 with 0–2 volume per year to hospital Q5
with 12–22 procedures. TO was achieved in a higher percentage of patients treated in the
highest volume hospitals compared to the lowest volume ones (Hospital Q5 23.5% vs. Q1
16.2%), while similar TO results were obtained by the highest and lowest volume surgeons
(Surgeon Q5 24.0% vs. Q1 20.8%). This discrepancy was due to the adequate lymph node
sampling rate, the lower rate of unplanned ICU admissions, and lesser 30-day mortality.

34



J. Clin. Med. 2023, 12, 2708

However, neither TO nor 30-day postoperative morbidity, readmission, and mortality were
associated with surgeon or hospital volumes.

In 2022, the same group concluded that achieving TO is strongly associated with
improved long-term survival in 1836 gastric cancer patients, with a 41% reduction in 3-year
mortality (p < 0.001) [131].

According to Levy J et al., the volume–outcome relationship is analogous to practice-
makes-perfect, whereas “perfect practice makes perfect” may be more effective [130]. Future
policies should be focused more on meeting quality parameters than on absolute volume.

Anyway, new scientific evidence is shedding light on the grey zones of the manage-
ment of gastric cancer, focusing researchers’ efforts on new outcomes. This is the premise
for setting a new TO for gastric cancer.

4. European Recommendations

Vonlanthen R, on behalf of members of the European Surgical Association (ESA),
presented 12 recommendations for future development strategies in centralization:

(1) The definition should be based on disease (i.e., pancreatic cancer) or on organ sys-
tems (i.e., complex HPB diseases) rather than a procedure (i.e., esophagectomy or
pancreatectomy);

(2) Planning is based on a minimum number of cases per center and well distributed
among the various regions, taking into account the demographic and cultural speci-
ficities of a country;

(3) Planning should include at least two centers per country to secure choice and compe-
tition (except for small countries and very rare diseases);

(4) Adequate resources must be ensured with an appropriate assessment of the available
infrastructure and personnel;

(5) Centers must offer fully functioning multidisciplinary teams (MDTs) of specialists
able to deal with all aspects of the diseases throughout the year;

(6) Adequate care and follow-up are ensured by the presence of the centers connected to
a network of hospitals;

(7) Centralization specifications must be legally applied for adherence to the specifications
applied locally and regionally and for private and non-private hospitals;

(8) The centralization process must be accompanied by mainstream media activities to
ensure adequate public awareness;

(9) Centers are required to have an externally verified database, to be actively involved in
clinical studies (including RCTs), and should be supported to contribute to
laboratory research;

(10) Quality control must be accompanied by international benchmark comparative studies;
(11) Equal accessibility to centralized healthcare should be monitored;
(12) Centers are expected to participate in surgical training and provide specialized train-

ing, as well as rotation of general surgeons [132].

Furthermore, an obvious gap between regulations for centralization and implemen-
tation was registered, especially in the private sector compared to publicly “subsidized”
hospitals. Overall, obstacles to centralization could be recognized at different levels: (a)
healthcare provider (insufficient infrastructure, lack of specialized personnel, long waiting
time), (b) patient (resistance to longer travel distance, to cultural and language changes,
lack of awareness of better outcome), (c) payer, i.e., insurance, government (concerns
from increased cost or charges), (d) political level (political decision are not enforced,
regional interests outweigh centralization policies, legal divergences, conflict of interest,
overwhelming bureaucracy, lack of specialization boards and of board recognition among
countries) [132].

There are at least two possible solutions to the fragmentation of the care process and to
patient trends and geographical needs consequent to an increase in centralization: on one
hand, the implementation of surgical fellowships and training of medical staff in higher
volume hospitals and younger surgeons working in lowest volume centers; on the other
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hand, the creation of hospital and territorial clinical and oncological networks, to ensure
standard and multidisciplinary care [133]

5. Italian Perspective

How centralization should be implemented remains a controversy and in many coun-
tries, the focus lies on the centralization of complex surgical procedures.

The Italian National Health Care Outcomes Program (Programma Nazionale Esiti, PNE,
https://pne.agenas.it, accessed on 14 March 2023), a tool developed by the National Agency
for Regional Health Services (AGENAS), evaluates the outcome measurements in Italian
hospitals. In 2021, PNE recorded a total of 5075 gastrectomies performed in Italian hospitals,
with a higher prevalence of cases treated in hospitals in the north of the country. According
to the volume of interventions, 274 (54.9%) institutions registered more than 5 gastrectomies
per year; of these, only 60 hospitals (21.9%) performed more than 20 gastrectomies per year.

Overall postoperative 30-day mortality was 5.62%. Low-volume centers’ mortality
rate ranged from 10 to 20%, while in high-volume centers a mortality rate of 3–5% was
registered. The threshold of low adherence to quality standards was accordingly set at 10%.

Since there are no strict regulations due to the absence of a formal policy of central-
ization, gastric cancer surgery is still executed anywhere in Italy. Nowadays, a referral
pathway for cancer patients has been introduced only in several Italian regions, i.e., Cam-
pania, Lazio, Liguria, Lombardia, Toscana, Piemonte, Veneto, Valle d’Aosta, with the vast
majority organized according to a hub and spoke model. As a result, differently from other
countries, an Italian agreement about the minimum volume standards of gastrectomies has
yet to be established and attempts for its definition come from scientific societies, such as
the Italian Society of Surgery (SIC) and the Italian Society of Surgical Oncology (SICO).

Lorenzon L et al. reported that 40.4% of the hospitals treating patients with gastric
cancer performed less than five procedures/year in 2018. Classifying institutions by volume,
the mean mortality was 7.7% in institutions performing 1–3 resections, compared to 4.7%
in the highest volume institutions, 17–127 resections/year (p < 0.001) [134]. Moreover, the
authors noted that the number of gastrectomies in each Italian province does not reflect
the actual number of gastric cancers diagnosed in the same zone and that the pattern of
health-related travels usually follows a south-to-north trend.

The Italian Research Group on Gastric Cancer (GIRCG) is implementing an Italian
centralization policy for gastric cancer surgery, acting on the national healthcare system
and with the support of the scientific community. Its recent guidelines can be a useful
tool to address physicians in managing gastric cancer patients [3]. Based on the principles
set forth in these statements, physicians will adhere to the best, internationally accepted,
effective standard of care.

6. Conclusions

Interpretations of studies on this topic require caution. Hospital and surgeon volumes
act as a proxy measure and a surrogate of technical and non-technical items to be identified
and evaluated in both low- and high-volume centers. It is time to drop Birkmeyer’s
aphorism “the more I do, the better I do” [135,136], to share “perfect practice make perfect” [130].
Careful selection of outcomes is essential for decision-makers, clinical professionals, and
patients to improve clinical practice, guide health policy, and drive healthcare choices. The
textbook outcome is a novel quality measure, reflecting the “ideal” surgical outcome.

Although the centralization of complex surgical procedures is totally sensible, since
it is potentially associated with a higher quality of care, clear criteria are still lacking on
what, where, and whom to centralize. The ESA recommendations may serve as a basis for
discussion to improve healthcare in surgical oncology.

Emphasis on multidisciplinary evaluations and clinical decision-making such as pre-
habilitation, standardized clinical pathways, and perioperative noninvasive management
has improved the hospital care of patients with gastric cancer. High-volume centers boast
the cooperation of healthcare professionals and services to support the provision of care.
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The definition of centers of excellence equally distributed across the country, well-
organized multidisciplinary networks, and centralization of high-risk procedures, as well
as advanced training for new generations, accreditation of surgeons, and monitoring of
surgical performance, should be the priorities.
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Abstract: Wound healing is a complex and meticulously orchestrated process involving multiple
phases and cellular interactions. This narrative review explores the intricate mechanisms behind
wound healing, emphasizing the significance of cellular processes and molecular factors. The
phases of wound healing are discussed, focusing on the roles of immune cells, growth factors, and
extracellular matrix components. Cellular shape alterations driven by cytoskeletal modulation and the
influence of the ‘Formin’ protein family are highlighted for their impact on wound healing processes.
This review delves into the use of absorbable meshes in wound repair, discussing their categories and
applications in different surgical scenarios. Interleukins (IL-2 and IL-6), CD31, CD34, platelet rich
plasma (PRP), and adipose tissue-derived mesenchymal stem cells (ADSCs) are discussed in their
respective roles in wound healing. The interactions between these factors and their potential synergies
with absorbable meshes are explored, shedding light on how these combinations might enhance the
healing process. Recent advances and challenges in the field are also presented, including insights
into mesh integration, biocompatibility, infection prevention, and postoperative complications. This
review underscores the importance of patient-specific factors and surgical techniques in optimizing
mesh placement and healing outcomes. As wound healing remains a dynamic field, this narrative
review provides a comprehensive overview of the current understanding and potential avenues for
future research and clinical applications.

Keywords: IL-2; IL-6; CD31; CD34; absorbable meshes; tissue healing; wound repair

1. Introduction

The intricate process of wound healing involves a meticulous sequence of steps en-
compassing three fundamental phases: inflammation, proliferation, and remodeling [1,2].
During the inflammatory phase, neutrophils, monocytes, and macrophages are activated
to eliminate cellular debris and counteract microbial intrusion, thereby averting infec-
tions [1,3,4]. The proliferative phase lasts three to 21 days, during which quiescent cells
like fibroblasts, keratinocytes, and endothelial cells (ECs), which are involved in the re-
epithelization process, proliferate and migrate to the site of injury [4,5]. Growth factors
(GFs) like keratinocyte growth factor (KGF), transforming growth factor-β (TGF-β), and vas-
cular endothelial growth factor (VEGF), along with cytokines like interleukin-1 (IL-1) and
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tumor necrosis factor-α (TNF-α) are also prominently expressed [3,6,7]. VEGF, for instance,
instigates angiogenesis, ensuring nutrient supply to emerging tissue and orchestrating
the reconstitution of the extracellular matrix (ECM) through synthesizing proteoglycans,
collagen III, elastin, and laminin [4,6]. Finally, in the remodeling phase, spanning months to
years, ECM undergoes gradual degradation, with type I collagen replacing type III collagen
and a reorganization of dermal collagen fibers, processes under the precise regulation of
matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) that modulate apoptosis
rates and new cell differentiation [3,4,8].

Throughout these phases, cellular shape and arrangement alterations are mediated by
the modulation of cytoskeletal filaments, encompassing actin networks and microtubules,
along with their specific binding proteins [9]. It provides mechanical support essential for
determining polarity, inducing proliferation, promoting migration, enhancing differentia-
tion, and maintaining proper functioning of the various types of cells synthesized in the
wound bed [10–12], potentially orchestrated by the ‘Formin’ family, a protein group that
becomes attached to microtubules and actins impacting on their nucleation, polymerization,
and stabilization. As a result, different wound healing processes are regulated through
these formin groups of proteins influencing cell polarity, chemotaxis, morphogenesis,
proliferation, kinesis, proliferation, migration, and phagocytosis [13].

Wound healing is also involved in forming and remodeling new tissues through in-
flammation, which reduces the proliferation and migration of fibroblasts, which is vital
for forming new tissues [14,15]. Activation and degranulation of platelets occur instantly
after an injury, thus releasing chemokines and GFs (e.g., PDGF), which form a localized
fibrin clot and suppress blood loss [3,4]. The spatial and temporal coordination of cy-
tokines with various types of cells is crucial for tissue healing [13]. Wounding promotes
changes in the function and dynamics of mitochondria, which modulate the downstream
signals that participate in the wound healing process by generating reactive oxygen species
(ROS), which affect protein function by regulating gene expression or post-transcriptional
modifications [14].

Three categories of meshes are currently available for wound repair: non-absorbable
synthetic meshes, absorbable synthetic meshes, and absorbable biological meshes [15,16].
Absorbable meshes serve as scaffolds for regenerative functions such as the deposition of
collagen, the promotion of growth of novel tissues leading to neovascularization, and the
formation of a new mesothelial layer [16,17]. Absorbable synthetic meshes have advan-
tages like consistent material characteristics, predictable resorption profiles, rapid tissue
integration, and the promotion of rapid host bacterial clearance [18]. The classification
of bioabsorbable meshes has been divided into three types based on strength loss versus
absorption rates. The three categories include long-term meshes having high strength
retaining potential but remaining in situ > 18 months; meshes losing strength in a period of
6–8 weeks; medium-term meshes where strengths are maintained for 3–4 months but the
absorption rate is high allowing the mesh to be absorbed within a year [19]. For example,
the absorbable long-term polylactide mesh (LTS-mesh) demonstrated higher endurance
(mechanically stable) and reduced formation of connective tissue than the absorbable
short-term polyglactin mesh (PG-mesh) when applied in a standardized rat model of
full-thickness abdominal wall defects [20]. Absorbable biological (Strattice, Surgisis, and
Tachosil) or absorbable synthetic (Gore® Bio-A® and TIGR®) meshes have been employed
for the repair of inguinal hernias (IHs) demonstrating lesser chronic pain and promising
results in patients with a high risk of infections [16]. TIGR showed enhanced biocompati-
bility, lesser local tissue effects, better time-dependent mechanical, and enhanced overall
performance when compared to a non-absorbable polypropylene mesh on implantation in
a sheep model [21] and when used in Lichtenstein repair of lateral inguinal hernias (LIHs),
was found to be safe, without recurrent infections, and with lesser pain and discomfort in
patients [22]. Gore Bio-A, TIGR Matrix, and Phasix® meshes, when used to prevent or treat
small, non-contaminated abdominal wall defects in experimental animals, were observed
to be safe with no serious complications [23]. In treating incisional hernias, GORE BIO-A
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and Phasix meshes were reported to be safe in a surgical environment contaminated with
microbes, both postoperatively and over a year later [24,25]. Treatment of paraesophageal
hernias using laparoscopic crural reinforcement with synthetic or biological absorbable
meshes resulted in an improved safety profile, with a majority of the patients remaining
asymptomatic, with a good quality of life, lesser requirement of follow-up surgeries, and
diminished long-term recurrence rates [26]. However, it has been noted that the mass of
the meshes could substantially impact the occurrence of extended complications during
the treatment of inguinal hernias (IHs), as opposed to the classification of the meshes as
non-absorbable, partially absorbable, or completely absorbable [27].

Furthermore, diabetic individuals often face challenges in wound healing due to com-
promised blood circulation and reduced immune response. Absorbable meshes, serving as
scaffolds, introduce a novel dimension to the healing process [28]. These meshes not only
provide mechanical support to the wound site but also act as vehicles for the controlled
release of growth factors and cytokines, thereby fostering a conducive environment for
tissue regeneration. By influencing aspects like angiogenesis, collagen synthesis, and cell
migration, these healing factors within the context of absorbable meshes can significantly
expedite wound closure and minimize the risk of infection, offering renewed hope for
enhanced recovery in diabetic patients grappling with chronic wounds.

The selection of an appropriate mesh type is guided by patient-specific factors, tissue
characteristics, and the nature of the surgery. Optimal mesh integration with surrounding
tissues is ensured through precise placement techniques, meticulous fixation, and proper
sizing. The critical factors governing mesh biocompatibility and weight are the filament
type, tensile strength, and porosity level. Notably, the actual tensile strength employed
is lower than assumed. Meshes exhibit enhanced flexibility when lightweight, leading
to diminished discomfort. Moreover, greater porosity has proven pivotal in reducing
infections and shrinkage. Therefore, the most dependable choice is a lightweight mesh
with substantial pores and minimal surface area [29].

Despite the advantages, attention needs to be given to postoperative complications
of mesh integration, such as infections and seromas. Infections can manifest around the
mesh, giving rise to symptoms such as redness, swelling, pain, and fever. Addressing
these infections might necessitate antibiotic treatment and, in severe instances, even mesh
removal [30]. Additionally, the formation of seromas can impede wound healing and
heighten infection susceptibility [31]. Chronic pain at the mesh site, attributed to nerve
irritation or entrapment, is observed in certain patients, thereby highlighting the impor-
tance of prudent mesh selection, precise placement, and surgical methodology to mitigate
this concern [32]. Despite mesh implementation, the occurrence of wound dehiscence
remains possible. However, meticulous tension management, adherence to postoperative
directives, and comprehensive patient education regarding activity limitations stand as
crucial measures in averting this complication [33].

2. Role of Interleukins in Wound Healing

Interleukins (ILs) are a group of signaling molecules that play a crucial role in the
immune response, inflammation, and tissue repair processes, including wound healing.
The wound-healing process begins with inflammation, during which immune cells are
recruited to the wound site. Interleukins, such as IL-1, IL-6, and IL-8, play a significant
role in initiating and regulating the inflammatory response. These cytokines promote the
migration of immune cells to the wound site and help in removing debris and pathogens.
These interleukins might influence the recruitment of immune cells to the mesh site and
contribute to the breakdown of the mesh material. The mesh material itself can trigger an
immune response, leading to the secretion of various interleukins and other cytokines. The
presence of these interleukins can influence the recruitment of immune cells, the prolifera-
tion of fibroblasts, and the remodeling of tissue around the mesh. Proper modulation of
interleukin activity is essential to ensure that the healing process occurs without excessive
inflammation or fibrosis.
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a. IL-2 and tissue healing role.

IL-2 in humans is translated as a 153-amino-acid precursor, then processed to a 15.5 kD,
133-amino-acid long, four-α-helix bundle glycoprotein [34]. IL-2 is a cytokine involved in
the signaling pathways associated with the immune system, plays essential roles in several
key functions of the immune system, and interacts with multiple cytokines to modulate the
generation and activation of immune cells, which may also impact wound healing. IL-2 is
majorly produced by CD8+ and CD4+ T-cells in an active state [35]. IL-2 mediates its action
by binding to a specific receptor (IL-2R), a heterotrimeric protein expressed on the surface of
certain immune cells, such as lymphocytes [34]. The IL-2 signal can be transduced through
three signaling pathways: JAK-STAT, PI3K/Akt/mTOR, and MAPK/ERK [36]. It induces
activation-induced cell death (AICD) and prevents autoimmune diseases by promoting
the differentiation of immature T-cells into regulatory T-cells [30]. It plays a vital role in
the differentiation of naive CD8+ T-cells into effector and memory T-cells, thus improving
immunity [37], stimulating the differentiation of naïve CD4+ T-cells into T helper cells
(Th-cells), and enhancing the cytotoxic activity of both natural killer cells and cytotoxic
T-cells [37,38]. IL-2 production by T-cells is promoted by fibroblast growth factors (FGFs)-1
or -2, which are crucial for wound healing and angiogenesis [39]. IL-2 may be a crucial
factor in the growth of fibroblasts via autophagy or through wound components derived
from damaged wound organelles being digested and reallocated [40]. IL-2 stimulates
the maturation of (Interferon-γ) IFN-γ-producing TH1 cells, thus augmenting the release
process of IFN-γ, which leads to the production of IL-1 and helps in the wound-healing
process [41].

IL-2 levels correlate positively with the percentage of burn wounds [42], act locally
and not systemically, and reduced IL-2 levels are preferable at certain stages of the burn
healing process [43]. In accordance with these, lower levels of IL-2 were observed at
the sites of bone fractures [44], along with changes in the phosphorylation of certain
proteins of the downstream IL-2 signaling pathways [45]. Wounds receiving IL-2 treatment
demonstrated increased hydroxyproline, indicating increased collagen fiber cross-linking
and enhanced ECM deposition [46]. On the contrary, low IL-2 levels and slow action of
IL-2-regulated collagen fibers cross-linking in cell proliferation may enhance the wound
closure quality [47,48]. Research has reported IL-2 signaling alterations to impact disease
pathology that implicates tissue and skin damage, like systemic lupus erythematosus,
diabetes mellitus, sarcoidosis, and myocardial infarction [49].

b. Role of IL-6 in tissue healing.

IL-6 acts as a pro-inflammatory, pleiomorphic cytokine, and anti-inflammatory
myokine [50]. It is encoded by the IL6 gene located on chromosome 7 in humans [51].
Though IL-6 usually occurs as a 212-amino acid-long [52], 26-kD glycoprotein, its iso-
forms purified from various tissues have different molecular weights ranging from 19-
to 70-kD due to alternate splicing of the IL-6gene and tissue-specific, post-translational
modifications like phosphorylation and glycosylation [53–55]. IL-6 is produced by al-
most every cell and tissue type in humans in response to a wide variety of stimulating
factors; however, several compounds also inhibit its expression [55]. IL-6 expresses
its pleiotropic effects by binding to a specific receptor complex (IL-6R) located either
on the membrane of the target cell (mIL-6R) through the “classical pathway” or to the
soluble IL-6R (sIL-6R) through the“trans-signalling” pathway; this receptor complex
consists of two transmembrane domains: CD126, a ligand binding α-chain, and CD130
or gp130, a signal-transducing β-chain [53–55]. The binding of IL-6 to the receptor
complex results in either (i) the activation of gp130, which in turn leads to activation of
the JAK/STAT/SOCS pathway, or (ii) the activation of the tyrosine phosphatase, SHP2,
which in turn activates the RAS/RAF/MEK/MAPK/SOCS pathway [55–57]. IL-6 plays
a major role in various cell functions: plasma cell development, B-cell differentiation,
T-cell proliferation, maturation of cytotoxic T-cells, Ig class switching, hepatic acute
phase response, inducing the synthesis of serum amyloid A and C-reactive protein,
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thrombopoiesis, antimicrobial activity of monocytes and neutrophils, maintenance of
bodyweight, and protection against mortality in endotoxin-mediated shock and toxic
shock syndrome [56].

IL-6 levels are elevated in the inflammatory and proliferative stages of wound healing,
during which it involves multiple functions but returns to normal levels in the remodeling
stage [58]. IL-6 plays a pivotal role in inducing acute inflammation and is, therefore, neces-
sary for the timely activation of the process [59,60]. IL-6, on being released very early in
response to injury, induces the chemotaxis of leukocytes into the wound and the differentia-
tion of macrophages, B-cells, and T-cells, stimulates the growth of keratinocytes, the release
of other pro-inflammatory cytokines from macrophages, keratinocytes, endothelial cells,
and stromal cells residing in the wounded tissue, inhibition of proliferation of fibroblasts,
induction of acute-phase protein synthesis, simulation of hematopoiesis and angiogenesis,
and the release of adrenocorticotropic hormone [61–64].

IL-6 plays an intrinsic role in the acute-phase wound response, may modulate local and
systemic post-injury events by being the most persistent cytokine to mediate post-injury
complications; and is robustly correlated with adverse clinical events and outcomes after
mechanical trauma, burn injury, and elective surgery [55]. On wounding, elevated levels of
IL-6 were detected within 24 h of bacterial infection during the initial inflammatory phase,
which gradually diminished by the eighth day [65]. IL-6 was the only pro-inflammatory
cytokine, the levels of which were persistently elevated post-burn injury; IL-6 levels in
the serum peaked during the first few hours after injury and correlated directly with the
area of the burn injury, the magnitude of the trauma, the duration of surgery, and the risk
of postoperative complications [66]. IL-6 activity in human wound fluids was observed
to peak within eight hours of surgery and return to baseline by the third day, a temporal
pattern that may suppress the proliferation of fibroblasts in later stages [67]. IL-6 levels
in the serum enhanced significantly after either laparoscopic or open IH surgery, more
prominently in the latter [53], were highest on day one and fell sharply after the third
day [68]. The equilibrium between pro-inflammatory cytokines like IL-6 may induce the
transition from the inflammation to the proliferation phase, thus improving the healing
process in skin wounds [69]. For instance, in liver transplants for treating chronic liver
diseases, IL-6 engages in early graft regeneration and enhances the growth of hepatic tissue
by inducing the hepatocyte stem cells to regenerate the liver parenchyma [70,71].

Higher IL-6 levels were observed more in non-healing wounds than in healing
wounds [8], during the inflammatory phase in skin wounds in humans [72], and in both
the inflammatory and granulating phases in venous leg ulcers [73]. Elevated levels of IL-6
observed in diabetic patients with foot ulcers than those without them indicate that it may
play a role in their pathogenesis and development [73]. IL-6 promotes fibrosis due to an
improper tissue healing process [58], stimulates the chemo-attraction of neutrophils and
mitogenic activity of keratinocytes, which is linked to scar formation [8], and synergistically
with hyaluronic acid affects the migration of keratinocytes through the activation of the
ERK and NF-kB signalling pathway [74]. Reduced IL-6 synthesis can provide an environ-
ment conducive to scarless wound healing, as seen in the lack of inflammation observed in
the fetal stages [75].

3. Role of CD31

Cluster of Differentiation 31 (CD31), also known as Platelet Endothelial Cell Adhe-
sion Molecule-1 (PECAM-1), is a protein that is encoded by the PECAM1 gene located
on chromosome 17 in humans [76]. CD31 is a highly glycosylated, 130 kD protein [77],
consisting of six extracellular immunoglobulin-like domains, a 574 amino acid long N-
terminal domain, a 19 amino acid long transmembrane domain, and a 118 amino acid
long C-terminal cytoplasmic domain [76]. CD31 engages in cell–cell adhesion by inter-
acting with other CD31 proteins present in other cells via homophilic and heterophilic
interactions with CD-31 proteins [78,79]. CD31 is located on the surface of several cell types
like platelets, monocytes, neutrophils, leucocytes, and certain T-cells and is constitutively
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expressed on the vascular endothelium [80]. Cell–cell signaling mediated through CD31
activates neutrophils, leukocytes, and monocytes [81]. CD31 also facilitates the migration
of monocytes and neutrophils [82], natural killer cells [82], and T lymphocytes [83] through
homophilic interactions mediated through endothelial cells. CD31 impacts cellular adhe-
sion in the endothelium, cell transmigration, and diapedesis, resulting in angiogenesis and
maintenance of vascular stability in the early stages [84–86]. Circulating CD31+ endothe-
lial cells participate in blood vessel formation during wound healing, mediating through
inflammation [87].

4. Role of CD34

CD34 is a transmembrane phospho-glycoprotein encoded by the CD34 gene located
on chromosome 1 in humans [88]. CD34 is a member of the single-pass, transmembrane,
sialomucin family of proteins; it was first identified in hematopoietic stem cells (HSCs)
and is involved in cell–cell adhesion by participating in the attachment of HSCs to bone
marrow ECM or directly to stromal cells; expression of CD34 is commonly associated with
early hematopoietic and late-hematopoietic stem cells, and other non-hematopoietic, tissue-
specific stem cells like muscle satellite cells, epidermal precursors, vascular-associated
progenitor cells, endothelial progenitor cells, endothelial cells of blood vessels, masT-
cells, dendritic cells, corneal keratocytes, and adipose cells which can be used to identify
both newly formed and pre-existing blood vessels; CD34 facilitates the migration of var-
ious cell types, especially the chemokine-dependent migration of eosinophils and den-
dritic cell precursors [89–96]. Human aging can negatively impact adipose tissue-derived
CD45−/CD34+/CD133+ progenitor cells availability as their number reduces with age
and significantly reduces their angiogenic functional capacity [97].

CD34+ mesenchymal cells in the intestinal epithelium are genetically programmed to
maintain an inducive environment for intestinal epithelial stem cells (IESCs) at homeostasis
and facilitate repair post-injury and inflammation in intestines [98]. CD34+ structures
with a vessel-like appearance in the mucosal epithelia and striated muscles were identified
in human fetuses [99]. Fibrocytes are innovative blood-endured cells that demonstrate
a unique cell surface phenotype (collagen+/CD13+/CD34+/CD45+), differentiate, and
rapidly accelerate wound repair and scar formation through rapid migration [100,101].
Identifying CD34+ oral mucosa stem or progenitor cells suggests increased angiogenesis
after corrective surgery for cleft lip and palate [96]. CD34+ EPCs were initially observed in
human skin wounds after two days. Their numbers enhanced in lesions with increasing
wound age, and more than 20 EPCs can indicate a wound age of 7–12 days [102].

5. Role of Platelet Rich Plasma (PRP)

Platelets or thrombocytes, originating from the bone marrow, contain several secretory
granules, GFs, and cytokines that, in addition to their main function of homeostasis, can
affect inflammation, angiogenesis, migration of stem cells, and cell proliferation [103].
Platelet-rich plasma (PRP) (also known as platelet-rich fibrin matrix, platelet-rich growth
factors, platelet concentrate, and autologous conditioned plasma) is the supernatant ob-
tained after centrifugation of whole blood samples to remove red blood cells and consists of
a PRP protein concentrate [103]. Activation of the platelets in PRP by thrombin or calcium
causes the platelet granules to degranulate and release GFs and cytokines, which influence
the microenvironment [104]. Some of the most important GFs released by platelets in PRP
include VEGF, epidermal GF (EGF), hepatocyte GF (HGF), fibroblast GF (FGF) -a and b,
platelet-derived GF (PGDF) -a and b, transforming GF (TGF)-α and β, insulin-like GF
(IGF)-1 and 2, MMP-2 and 9, SDF-1α/CXCL12, andIL-8 [103,104].

PRP, a rich source of signaling molecules like GFs, cytokines, chemokines, and other
plasma proteins, demonstrates significant mitogenic, angiogenic, and chemotactic proper-
ties that can stimulate the healing of wounds in both soft tissues and joints [104]. These
GFs play a crucial role in all three phases, thus ensuring complete wound healing [105].
PRP was initially used to treat thrombocytopenia, then in sports injuries, and nowadays is
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also employed in cardiac, pediatric, plastic surgery, gynecology, urology, ophthalmology,
and dermatology [106–108]. Since various protocols are available for preparing PRPs, they
could result in PRPs with different levels of bioactive compounds, which may modulate
the final extent of wound healing [109,110]. The residual plasma and platelet-bound fi-
bronectin may act as bioactive proteins, which may directly influence the remodeling of
the ECM, thus exerting a synergistic effect on the repair of chronic wounds [111]. Hence,
all components of blood, like the plasma, platelets, RBCs, and WBCs, have important
individual roles in tissue repair, and PRP cannot function alone [112]. Further research
on various techniques of PRP preparation, the exact mechanisms of action of GFs, their
application in combination therapy, and related clinical trials is required [113]. Since PRP
variations regarding the platelet content and the donor are observed, and due to the lack of
standardized preparation methods, PRP use has been specific [114].

Autologous PRP demonstrates a great similarity to the natural healing process, is safe,
and can be produced as and when required from the patient’s blood [115]. Platelet-derived
preparations such as PRP or platelet lysate (PL) may help stimulate regeneration in engi-
neered tissue constructs, and activated PRP has been reported as a potential autologous
cell carrier [115]. Due to its potential to stimulate and accelerate the process, PRP is gaining
interest in skin wound regenerative therapy [116]. In a clinical setting, PRP and platelet-rich
fibrin accelerate healing, thus not only reducing the discomfort of patients but also the
probability of adverse outcomes such as infections, poor wound closure, and delay in
the formation of sufficiently strong bone for subsequent procedures (such as implants);
they may improve long-term outcomes in patients with impaired healing due to diseases
(e.g., diabetes, osteoporosis, and atherosclerosis), medications (e.g., steroids), lifestyle
choices (e.g., smoking), and aging by supplementing the wound environment to restore
proper healing [117]. A systematic review of in vitro, in vivo, and clinical studies high-
lighted the additive effects of PRF on soft tissue regeneration, augmentation, and wound
healing for regenerative therapy in medicine and dentistry [118].

PRP-derived molecules and activated PRP can release various antimicrobial proteins
for resolving necrotic tissues and promoting wound healing [119], but in vivo and in vitro
studies are required to provide sufficient data for the accurate designing and conducting
of RCTs in humans regarding specific pathogens and wound types [120]. For instance,
in AIDS patients, PRP may be used to sanitize wounds to induce neovascularization and
re-epithelialization and prepare the base and edges of unhealed ulcers for consequent skin
grafting procedures and tissue expansion [121]. Activated PRP leads to the production of
extracellular micro vesicles, which can fully replicate the pro-healing effects of PRP, suggest-
ing their applicability as an alternative to PRP [122]. The risk factors and contraindications
associated with the use of PRP have also been reviewed [123].

Co-culture of human skin fibroblasts with PRP in vivo enhanced the accumulation
of type I collagen, MMPs-1, and -2. The G1 cell-cycle regulators-cyclin E and CDK4 may
improve wound healing in vitro [124]. Since wounds have a pro-inflammatory environment
characterized by high protease activities, which decrease GF levels, PRP, a good source
of GFs, is a promising alternative for treating recalcitrant wounds [122], especially in
patients with Necrobiosis lipoidica diabeticorum [123]. For treating recalcitrant diabetic
foot ulcers and venous foot ulcers, the use of PRP was successful [124], was safe as it
does not significantly alter the blood hematology or blood chemistry [125], injections of
autologous PRP along with the topical application of PRP gel enhanced wound healing
and a reduction in wound size [126] PRP with vacuum-assisted closure dressings were
more efficient than conventional dressings [127], homologous platelet-gel (PG) enhanced
vascularization and re-epithelialization [128], and resulted in better healing outcomes and
lower amputation rates [129]. In the healing of chronic ulcers, the local application of
PRP improved the quality of life in patients through effective pain relief [130], combined
treatment with enhanced stromal vascular fraction, PRP, and fat grafting demonstrated an
enhancement in re-epithelization after regenerative surgery [131], and a novel autologous
PRF matrix membrane showed significant potential for applicability [132].
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Chronic wounds are unresponsive to conventional treatment methods, are quite
common, and pose a challenge to clinicians. A systematic review and meta-analysis of PRP-
therapy-based in vitro and in vivo studies reported improved healing of partial or complete,
chronic, recalcitrant wounds [133,134], a combination of PRP injections and platelet-derived
patches improved healing in patients, especially those with diabetes [135], the topical
application of autologous-PRP owing to its antimicrobial properties and tissue-regenerative
potential is recommended [136], especially in cases where conventional therapy is not
sufficient, or surgery is not possible, local immunity is activated; while the pain and risk of
infections are reduced [137,138], it significantly enhanced the re-epithelization process [139],
demonstrated a considerable enhancement in the formation of healthy granulation tissue
and healing edge; lesser pain, slough, bleeding on touch, discharge, and no superficial
or deep infections [140–142]. PRP alone or combined with a powdered bioengineered
skin substitute was used to synthesize a platelet-rich tissue graft, reducing the wound
size and depth [143]. Autologous PRP, PPR-gel, and platelet-gel (PG) are safe with a
wide range of applicability as tissue regenerative agents in a variety of postoperative
procedures, especially in diabetic patients or those prone to surgical complications and as a
replacement for connective tissues, activated PRP and fat tissues serves as a tissue matrix
for enabling the cell migration, proliferation, differentiation, and granulation [144]. The
short-term use of autologous PRP gel also enhanced the healing process consistently over
time [145]. Homologous PRP gel reversed non-healing trends [146], induced granulation
tissue formation, and reduced the size of cutaneous wounds [147]. Topical therapy with
PG may be considered an adjuvant treatment to enhance the healing of cutaneous ulcers
due to the formation of the granulation tissue in the initial stages, followed by complete
re-epithelization [148]. As reported in a comprehensive review, PRP enhanced the healing
of refractory pressure injuries and reduced the length of treatment and pain without any
complications, all of which improved the quality of life in patients [149]. In a unique
analysis, applying an algorithm developed by the study group before using PRP enhanced
the number of successfully healed wounds, ensured that a higher proportion of acute skin
wounds did not turn problematic, and allowed more predictable skin healing patterns [150].

Since PRP’s application method has not been standardized, and the identification of
the optimum conditions is complete, more controlled clinical studies are required, as only a
few reports suggesting a positive role of PRP in the healing of burns are available [151,152].
The healing rate was prominently enhanced, and the healing time was markedly reduced
in PRP-treated burn wounds [153]. PRP improved the healing of tendons, ligaments,
muscles, and bones, and hence has been applied in treating sports-related injuries [154,155].
In systematic reviews, the efficacy of PRP in various musculoskeletal pathologies like
tendinopathies, early osteoarthritis, and acute muscle injuries [156] and when applied to
the bone-tendon interface during arthroscopic rotator cuff repair and wound healing has
been addressed [157].

6. Role of Adipose Tissue-Derived Mesenchymal Stem Cells (ADSCs)

Stem cells like mesenchymal stem cells (MSCs) improve wound healing by expe-
diting angiogenesis and re-epithelialization, leading to granulation tissue development.
MSCs have a substantial role in the process mediated through paracrine interactions,
reducing wound inflammation and thus augmenting wound closure. As a result, ECM re-
modeling occurs, facilitating normal skin development and indicating a good therapeutic
target [158,159]. MSCs isolated from the umbilical cord (fetal) and bone marrow (adult)
tissues have been employed for the treatment of acute and chronic skin wounds [160].
Human adipose-derived stem cells (hADSCs) play crucial roles in the healing of cuta-
neous wounds by promoting cell proliferation, migration, differentiation, angiogenesis,
matrix reconstruction, and regulation of the inflammatory response and collagen remod-
eling [161].

Stem cell classification can be based on their origin, such as (a) embryonic, (b) fetal,
(c) adult, and (d) induced pluripotent that can be designated as embryonic and adult mes-
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enchymal stem cells (MSCs). Human embryonic stem cells (hESCs) and fetal mesenchymal
stem cells (hfMSCs) are difficult to culture due to lack of supply and ethical concerns.
The major limitation of employing induced pluripotent stem cells (iPSCs) is the laboratory
procedure used to induce their differentiation into specific cell types requires certain disease
action [162]. Due to these reasons, adult human stem cells have huge potential in clinical
practice and basic research. From a clinical perspective, obtaining stem cells is both cost
and time-intensive and involves the risk of contamination and loss. The source of stem
cells should be easily accessible, which should cause minimal discomfort and provide
enough cells without those time and cost-intensive processes. The sources of adult stem
cells include the muscle, the bone marrow, the blood, the epidermis, the brain, the liver,
and most recently, the adipose tissue [163–166].

In vitro and in vivo studies suggest that ADSCs are classified as mesenchymal cells
having the capacity of self-renewal and differentiation into tri-germline ages (endo-
derm, mesoderm, and ectoderm) such as adipocytes, chondrocytes, myocytes, cardiomy-
ocytes, hepatocytes, neurocytes, osteoblasts, vascular endothelial cells, and pancreatic
cells [167,168] using specific triggers available in the laboratory [169–173]. The prominent
benefits of ADSCs in comparison with other MSCs are easy availability and abundant
sources for isolation, convenient tissue collection, and cell isolation methodologies. They
can maintain their phenotype longer in culture, a greater proliferative capacity, and a
demonstrated therapeutic potential; in addition, they secrete a wide range of cytokines,
GFs, macromolecules, and miRNAs directly into the surrounding micro-environment or
through the microvesicles [168,174]; these bioactive factors exert various ‘trophic effects’
such as suppressing the local immune system, inhibiting apoptosis and scar formation
(fibrosis), enhancing angiogenesis, stimulating mitosis, and inducing the differentiation
of tissue-intrinsic reparative or stem cells [175]. ADSCs can be isolated more easily, using
a much safer approach, in considerably larger amounts, are not only equally effective but
may be much better suited than BM-MSCs in certain cases, in clinical applications [176].

The quality of ADSCs varies among donors based on their demographic profiles,
such as age, gender, ethnicity, disease status, and body mass index [168]. The yield of
ADSCs is 40 times higher than that of BMSCs, with a success rate of 100%, which may not
decrease with age, making this type of tissue attractive for isolating MSCs and progenitor
cells (PCs) [177]. However, the number, proliferative capacity, and ability of these cells to
differentiate into multiple lineages reduced with age while cell senescence increased [178].
ADSCs functions are not limited to tissue-specific PCs but have multiple therapeutic effects
mediated through paracrine and regulating angiogenesis signaling, inflammation, cell sur-
vival, cell homing, and other processes regarded as action mechanisms [179]. ADSCs have
been used as a therapeutic agent in treating diabetes mellitus, corneal, articular cutaneous
lesions, and liver disease, and repair of damaged cardiac tissues, and for developing novel
therapeutic methods useful in reconstructive or tissue engineering [180,181].

ADSCs are a valuable therapeutic alternative for tissue rescue and repair due to
their easy availability, immunomodulatory effects, and capacities for secretion of pro-
angiogenesis and anti-apoptotic factors, differentiation into multiline age cells, and expan-
sion [182]. The ADSCs secretomes modify tissue biology. Thus, exciting tissue-resident
stem cells change immune cell activity and facilitate therapeutic outcomes [168]. They par-
ticipate in modulating the changes caused by macrophages in the inflammatory phenotype,
endorsing neo-angiogenesis mediated through ECs increased differentiation and migration
and augmenting granulation tissue formation, ECM, and skin cells at proliferation and
remodeling stages of wound healing that is imperative and relevant in designing innova-
tive therapeutic strategies in regenerative medicine domain [183]. The regenerative tissue
effects of ADSCs in vivo rely on an interaction between the soluble factors released by them
and the recipient’s secretomes [184].

ADSCs may help repair tissue damage and help in neovascularization as a part of
angiogenic therapy, as they can interact with and transform the wound-resident cells
into matrix-building cells. This procedure is crucial for the dermal rebuilding course
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and epithelialization achieved through stimulating keratinocytes; a research study has
elucidated ADSCs functioning as pericytes (in situ), facilitating vascular stability, and
responding to environmental stimuli by communicating with ECs [107]. ADSCs may be
vascular stem cells residing in a perivascular location and differentiate into smooth muscle
and ECs used during angiogenesis and neo-vasculogenesis [185]. Coordination between
ADSCs and ECs is required for network formation as ADSCs stabilize EC networks by
enhancing pericyte-like characteristics. ADSCs induce vessel growth by secreting pro-
angiogenic and regulatory proteins [186]. Induction in the expression of activin A is
associated with new vessel formation. It directs the crosstalk between ADSCs and ECs,
affecting these cell types of activity [187].

hADSCs produce exosomes that can induce cutaneous repair by regulating the remod-
eling of the ECM [188]. ADSCs-based cell therapies address wound healing of recalcitrant
and chronic wounds by achieving full wound epithelialization rapidly and are safe without
adverse effects for patients [107]. Various gene-modification approaches have been em-
ployed for manipulating genes and in vitro ADSCs preconditioning to increase the trophic
factors production upon cell delivery in vivo [189]. In the past, ADSCs have been used to
secrete VEGF in larger quantities to improve angiogenesis ability in therapeutic application
in ischemic tissue [190].

7. Interactions between IL-2, IL-6, CD31, and CD34 with PRP and/or ADSCs in Use
with Absorbable Meshes

Allogenic ADSCs and PRF combination can expedite full-thickness cartilage defect
regeneration in the rabbit ear model devoid of any prominent immune trigger, as suggested
by the lack of any prominent differences in the expression of the IL-2 gene in comparison
with the control group [69]. IL-6 controls the healing process, especially in skin wounds,
through migration, proliferation, and differentiation of stem cells, thus improving the
healing process in skin wounds [191]. In response to inflammatory stimuli, ADSCs can
produce IL-6 [192]. IL-6 released from ADSCs promoted the recovery of blood supply in
the wounds [193]. The overexpression of S100A8, a calcium and zinc binding protein in
ADSCs, significantly promoted their proliferation and differentiation, but the serum levels
of IL-6 were significantly reduced, suggesting that S100A8 promoted the proliferation
of ADSCs and inhibited inflammation to improve skin healing [194]. In in vivo studies,
hematopoietic prostaglandin D synthase (HPGDS) was overexpressed to engineer hADSCs
into hADSChpgds, and their effects on diabetic wound healing were evaluated using a
full-thickness skin wound model in mice. The expression levels of IL-6 were prominently
diminished. Still, the number of CD31+ ECs and scattered small blood vessels were signifi-
cantly higher, indicating increased angiogenesis and vascularity in hADSChpgds group
mice compared to the control [195]. In treating induced patellar tendon defects in rabbits
with a PRP gel, the extent of neovascularization was significantly greater, as indicated
by escalated expression of CD31 [196]. However, numerous studies have confirmed that
ADSCs can express CD34 [197] but not CD31 [198]. Combined ADSCs and PRP therapy
induced a strong angiogenic effect in diabetic albino rats as indicated by enhanced CD31
immuno-expression compared to control [199]. The in vitro co-culture of keloid tissue with
ADSCs-CM brought a significant decrease in CD31+ and CD34+ vessels, thus exerting
an anti-scarring effect [200]. Immuno-expression of CD31 in the endothelial cell lining
of dermal blood vessels was enhanced in skin wounds in rats treated with ADSCs [201].
Wound healing studies in diabetic rats revealed that CD31+ cells were not only detected
in the neo-capillaries, indicating spontaneous differentiation of engrafted ADSCs into
vascular ECs, but also increased continuously and were detected in mature blood vessels,
indicating a significant promotion of neovascularization of wounds [202]. In a study, topical
application of ADSCs on excisional wounds on rabbit ears in full thickness resulted in
enhanced expression of CD31 in granulation tissue CD31+ cells increased in the wound
bed; however, CD31 expression in transplanted ADSCs was absently implicating a lack
of ability to differentiate directly into ECs; similarly, CD34 expression was absent in AD-
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SCs [203]. On the contrary, immuno-expression of CD31 in the endothelial cell lining of
dermal blood vessels was enhanced in skin wounds in rats treated with ADSCs [188].
Wound healing studies in diabetic rats revealed that CD31+ cells were not only detected in
the neo-capillaries, indicating spontaneous differentiation of engrafted ADSCs into vascular
ECs, but also increased continuously and were detected in mature blood vessels, indicating
a significant promotion of neovascularization of wounds [204]. In vitro co-culture of PRP
and conditioned medium (CM) from ADSCs significantly stimulated the proliferation and
migration of fibroblasts and keratinocytes, suggesting that PRP and ADSCs in combination
may enhance healing and re-epithelialization of chronic wounds in vivo [205].

Alginate hydrogel containing EXOs derived from ADSCs productively increased
wound closure, collagen synthesis, and vessel development, as demonstrated by the highest
levels of CD31 expression compared to controls [206]. Velgraft®, a gelatin and chitosan
biopolymer enhanced with ADSCs, improved wound healing by accelerating wound
closure, rapid collagen synthesis, and deposition, thus leading to re-vascularization and
re-epithelization. This was demonstrated through immunostaining, where CD31 positive
expression was reported in ECs of neo-capillaries [207]. Three-dimensional scaffolds
used in tissue engineering finely mimic the in vivo microenvironment and thus facilitate
ADSCs’ localization, attachment, proliferation, and differentiation, suggesting that tissue-
engineered ADSCs can substitute tissue and organ transplantation [208]. Three-dimensional
cultivation using a collagen sponge scaffold promoted the differentiation of CD34-hADSCs
into ECs, which may be applied as an artificial dermis to heal skin wounds [209]. ADSCs
differentiate rapidly into ECs to form simple vessel-like structures in Matrigel® substrates
and thus may be crucial in regulating neo-vasculogenesis [210].

hADSCs stimulate wound healing in diabetic patients and function as a combined
carrier scaffold for scar-less cutaneous repair [209]. For studying tissue repair in a murine
skin injury model, two different sets of ECM scaffolds were used, namely-small intestinal
submucosa (SIS) and acellular dermal matrix (ADM) and composite collagen–chondroitin
sulfate–hyaluronic acid (Co–CS–HA) scaffold; the ADSCs-seeded scaffolds demonstrated
enhanced wound healing capacity compared to non-seeded scaffolds; this suggested that
ADSCs could be used as a source of cells to promote the vascularization capacities of
scaffolds and that both ADSCs and the scaffolds exhibited synergistic effects in promot-
ing angiogenesis; moreover, some ADSCs demonstrated GFP co-localization with CD31
implicating spontaneous differentiation into a vascular endothelial phenotype; ADSCs
were negative for CD34 [210]. A bioactive PRP scaffold capable of releasing endogenous
GFs, BMSCs, and ADSCs to differentiate into chondrocytes may be suitable for cell-based
cartilage repair [211]. In a skin graft study in rats, the number of subcutaneous, neovascular
CD31+ cells in the ADSCs embedded in the PRP gel scaffold-treated group was significantly
greater than the control group, indicating that ADSCs+ PRP significantly induced early
stage neovascularization after skin graft transplantation [212].

PRP stimulates the proliferation and differentiation, maintains the multipotency of
MSCs, promotes their migration into the wound area, and enhances the wound-healing
pathway; PRP or MSCs, and MSCs + PRP improved and accelerated wound healing
represent a potential therapeutic approach [211]. PRP-gels can function as carriers for
delivering both human MSCs and GFs in tissue engineering; the platelet concentration of
PRP is crucial in providing the most favorable microenvironment for MSCs concerning the
clinical application of PRP-gels [211].

8. Recent Advances and Challenges

Wound healing involving absorbable meshes constitutes a central area of focus in both
surgical and medical research. This domain centers its endeavors on the manipulation of
mesh materials to enhance and streamline tissue healing across a spectrum of wound types.
These absorbable meshes are intentionally engineered to offer mechanical reinforcement
during the initial phases of wound healing. As time progresses, they gradually degrade in
synchronization with the tissue’s recovery process. This property eliminates the necessity
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for subsequent removal procedures. In the course of research, significant attention has been
directed toward understanding the intricate interaction between absorbable meshes and
the body’s intrinsic healing mechanisms. This interaction exerts a noticeable influence on
the complex process of wound repair. Notable progress has been achieved in the design
of absorbable mesh materials to ensure biocompatibility [213]. This ensures the seamless
integration of these materials within the body, thereby preventing disruptive inflammatory
reactions. Additionally, absorbable meshes that can integrate with neighboring tissues
have provided insights into facilitating the formation of new blood vessels and promoting
the migration of cells to the injury site. This integration is vital for enduring wound
healing and the mitigation of potential complications. Furthermore, researchers have
devoted their efforts to finely-tuning the controlled degradation of these meshes [214]. This
controlled degradation allows for mechanical strength during the crucial early stages of
wound healing.

However, these significant advancements have encountered challenges and variables
that require thorough consideration. A prominent concern is the susceptibility to infections.
Absorbable meshes, being foreign elements, could exacerbate the risk of infections if not
managed judiciously [215]. Striking a delicate balance between the mechanical properties
of the mesh and its rate of degradation represents another challenge. If the degradation
process occurs too rapidly, it could compromise essential support during critical phases
of healing. Conversely, prolonged degradation might lead to complications or necessitate
intervention. Furthermore, the variability in individual responses to absorbable meshes
introduces complexity in predicting outcomes. This variability arises from distinct immune
reactions, overall health statuses, and genetic compositions. Ensuring the sustained ef-
fectiveness of absorbable meshes in wound repair necessitates prolonged observation of
patient outcomes. This extended observation is crucial to elucidate their effects on wound
healing, scarring, and recurrence rates.

9. Conclusions

Wound healing is a multifaceted process involving intricate interactions among various
elements. Cellular responses, molecular factors, and the introduction of biomaterials come
together in a delicate interplay to orchestrate the repair of damaged tissue. The process
of wound healing can be broken down into distinct phases: inflammation, proliferation,
and remodeling. In the inflammatory phase, immune cells are recruited to the site of injury
to manage any potential infections and begin the clean-up process. During proliferation,
growth factors stimulate the production of new cells and blood vessels, aiding in the
reconstruction of the damaged tissue. Remodeling involves refining the tissue’s structure
for improved strength and function.

• Immune cells, growth factors, and extracellular matrix components are central to the
wound-healing process. Immune cells help clear debris and pathogens, while growth
factors stimulate cell division and tissue regrowth. Extracellular matrix components
provide the structural framework for new tissue formation.

• The involvement of cytoskeletal elements and proteins like the ‘Formin’ family shed
light on the intricate cellular mechanisms driving wound healing. These mecha-
nisms contribute to cell migration, proliferation, and tissue reorganization during the
healing process.

• Incorporating absorbable meshes into wound repair strategies presents a promising
avenue for enhancing healing outcomes. These meshes act as scaffolds that support the
regeneration of tissue. They facilitate interactions with growth factors, cytokines, and
various cellular components, such as interleukins, CD31, CD34, platelet-rich plasma
(PRP), and adipose-derived stem cells (ADSCs). These interactions have the potential
to expedite and optimize the healing process.

Particularly for individuals with diabetes, who often face compromised wound heal-
ing, absorbable meshes offer a renewed sense of optimism. These meshes can be engineered
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to release healing factors in a controlled manner, addressing the challenges that diabetic
patients often encounter in the wound healing process.

Despite significant progress in wound healing research, several challenges persist.
Ensuring the effective integration of meshes, maintaining biocompatibility, preventing
infections, and managing postoperative complications are areas that continue to demand
focused research and innovative solutions. Advances in mesh design, placement tech-
niques, and personalized approaches are pivotal to shaping the field of wound healing
interventions. Taking into account patient-specific factors ensures tailored solutions that
can optimize outcomes and minimize risks. The ever-evolving nature of wound healing
research necessitates collaboration among researchers, clinicians, and biomaterial scientists.
By working together, they can unravel the complexities of wound healing processes and
develop strategies that cater to diverse patient populations.
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Abstract: Background: Complications arising following minimally invasive Ivor Lewis esophagec-
tomy often result from inadequate enteral nutrition, highlighting the need for proactive measures
to prevent such issues. One approach involves identifying high-risk cases prone to complications
and implementing percutaneous endoscopic jejunostomy (PEJ) tube placement during esophageal
resection to ensure timely enteral nutrition. Methods: In this single-center, retrospective cohort
study, we examined patients who underwent minimally invasive esophagectomy for esophageal
cancer at a high-volume center. The dataset encompassed demographic information, comorbidi-
ties, laboratory parameters, and intraoperative details. Our center utilized the EndoVac system
pre-emptively to safeguard the anastomosis from harmful secretions and to enhance local oxygen
partial pressure. All patients received pre-emptive EndoVac therapy and underwent esophagogas-
troduodenoscopy in the early postoperative days. The need for multiple postoperative EndoVac
cycles indicated complications, including anastomotic insufficiency and subsequent requirement for
a PEJ. The primary objectives were identifying predictive factors for anastomotic insufficiency and
the need for multi-cycle EndoVac therapy, quantifying their effects, and assessing the likelihood of
postoperative complications. Results: 149 patients who underwent minimally invasive or hybrid
Ivor Lewis esophagectomy were analyzed and 21 perioperative and demographic features were
evaluated. Postoperative complications were associated with the body mass index (BMI) category,
the use of blood pressure medication, and surgery duration. Anastomotic insufficiency as a specific
complication was correlated with BMI and the Charlson comorbidity index. The odds ratio of being in
the high-risk group significantly increased with higher BMI (OR = 1.074, p = 0.048) and longer surgery
duration (OR = 1.005, p = 0.004). Conclusions: Based on our findings, high BMI and longer surgery
duration are potential risk factors for postoperative complications following minimally invasive
esophagectomy. Identifying such factors can aid in pre-emptively addressing nutritional challenges
and reducing the incidence of complications in high-risk patients.

Keywords: minimally invasive Ivor Lewis esophagectomy; RAMIE; enteral nutrition; percutaneous
endoscopic jejunostomy (PEJ); anastomotic insufficiency

1. Introduction

Esophageal carcinomas are the sixth leading cause of cancer mortality worldwide [1],
and their incidence in the Western population is increasing [2]. Minimally invasive Ivor
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Lewis esophagectomy is a surgical procedure commonly performed to treat esophageal
cancer [3–6]. While this technique offers numerous benefits, including reduced postop-
erative pain and shorter hospital stays, post-surgery complications, such as anastomotic
insufficiency (AI), remain a significant concern, with an incidence of 11.4–21.2 percent [7].
Among the key challenges is the inability to provide adequate enteral nutrition during
recovery, leading to potential complications and delayed healing of anastomotic sites. One
approach for mitigating these issues involves identifying cases at high risk of complications
and implementing feeding tubes, such as percutaneous endoscopic jejunostomy (PEJ) tubes,
during esophageal resection. This strategy ensures timely enteral nutrition delivery, hence
reducing the likelihood of postoperative complications.

Our high-volume center has adopted a pioneering approach over the past decade by
utilizing a pre-emptive EndoVac sponge, following each esophagectomy with intrathoracic
anastomosis. After each esophageal resection, esophagogastroduodenoscopy is performed
and a diameter-matched sponge is positioned on the anastomosis under visualization
using a retraction technique. After 5 days, the EndoVac sponge is removed and a control
endoscopy is performed. In case of irregularities, an individually trimmed sponge is placed
again. This proactive measure has proven beneficial in preventing potential complications.
In certain cases, extended EndoVac therapy is required, particularly in instances of AI. When
postoperative complications necessitate the prolonged use of EndoVac therapy, enteral
therapy is recommended as a complementary intervention [8]. As parenteral nutrition
carries the potential risks of hyperglycemia, hypertriglyceridemia, electrolyte imbalances,
and long-term hepatobiliary and bone diseases [9], alternative nutritional strategies are
sought to ensure optimal patient outcomes. Among these, enteral nutrition is preferred [10],
and PEJ is mainly considered for patients at high risk of AI [11]. However, the lack of
a standardized postoperative PEJ insertion procedure raises concerns about the timing
and necessity of this intervention, as the process can be burdensome for patients: On
the one hand, inserting a PEJ tube has risks, including potential complications such as
aspiration pneumonia, wound infection, and bleeding [12]. These risks argue against an
overly generous use of a tube. On the other hand, if a patient develops postoperative
complications, a separate surgery is required for PEJ tube insertion, adding to the overall
complexity of their care. This consideration would argue for the simultaneous insertion of
a probe.

To address this ambiguity, there is a growing interest in predicting the likelihood of
post-esophagectomy complications based on perioperative and demographic patient data.
By identifying patients at high risk of complications, healthcare professionals can make
informed decisions and potentially perform PEJ tube insertion during the esophagectomy,
streamlining the process and minimizing the need for additional surgeries. Such predictive
tools offer the potential to enhance patient care by optimizing nutritional support and reduc-
ing the impact of complications, ultimately leading to improved postoperative outcomes.

This single-center, retrospective cohort study investigated factors influencing postop-
erative complications such as AI following minimally invasive Ivor Lewis esophagectomy.
This study was unique because it was able to draw conclusions from a local population
in which pre-emptive EndoVac therapy and regular endoscopy were performed. We hy-
pothesized that the data collected would identify risk factors associated with postoperative
complications. The study aimed to identify predictors of AI as a specific and very common
complication. However, AI affects only a few cases of the total sample, which makes the
evaluation challenging. Therefore, we introduced the need for multiple cycles of EndoVac
therapy as a surrogate parameter for a complicative course. This event occurs more often
and is more straightforward to address.

2. Materials and Methods

Patients: This retrospective cohort study comprised 149 patients who underwent
either minimally invasive or hybrid Ivor Lewis esophagectomy for esophageal cancer at
Münster University Hospital between February 2012 and March 2022. We included all
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patients aged 18 years or older with thoracic or abdominal esophagus carcinoma that
was both histologically diagnosed and resectable. In the case of neoadjuvant therapy,
respectability after therapy was decisive. Cases where surgery could not be completed
or where laparoscopic intervention became necessary were excluded. The study also
excluded patients with evidence of COVID-19 infection and those undergoing two-stage
operations. All included patients had undergone postoperative pre-emptive EndoVac
insertion. For this purpose, at the end of the operation, and before removing the double-
lumen tube for ventilation, an esophagogastroduodenoscopy was performed and the
anastomosis was examined. An EndoVac sponge was then cut to fit the diameter of the
gastric tube and positioned at the level of the anastomosis using the retraction technique
under visual control. The tube was then fed out of the nose, connected to a suction
generator with a suction of −125 mmHg, and fixed to the nose. After 5 days, the sponge
was removed and control endoscopy was performed under short-term anesthesia. In
case of irregularities in anastomosis healing, for example, a widened anastomosis or
visible staples, prophylactic therapy was continued in 5-day cycles. EndoVac therapy was
continued in the event of an anastomotic leak, albeit not as a prevention but as a therapy.
Where this therapeutical approach was used, esophagogastroduodenoscopy was performed
and repeated every 5 days. Diagnostics for cancer staging were performed based on
physical and nutritional assessments, endoscopy (including biopsy), endoscopic ultrasound,
and computer tomography scan. A multidisciplinary cancer board decided on surgery,
and neoadjuvant treatments were administered following the German Cancer Society
(DKG) guidelines for esophageal adenocarcinoma and squamous cell carcinoma, using
FLOT (fluorouracil/leucovorin/oxaliplatin/docetaxel) or CROSS (carboplatin/paclitaxel)
treatment schemes [13,14].

All procedures were conducted using minimally invasive techniques, either as hybrid
esophagectomy (laparoscopic gastric mobilization and open right thoracotomy) or robot-
assisted minimally invasive esophagectomies (RAMIEs) utilizing the da Vinci Surgery
System (Intuitive Surgical Inc., Sunnyvale, CA, USA). As a high-volume center with many
years of experience in esophageal surgery, surgical methods were changed to minimally
invasive procedures after the publication of the Time Study [15]. In 2018, the robot-assisted
technique (RAMIE) was introduced. The MIRO Trial [16], ROBOT Trial [17], and RAMIE
Trial [18] showed the advantages of robot-assisted procedures. All procedures had the
minimally invasive approach in common. Resection and anastomosis were the same,
with different access routes, and, therefore, had comparable risks. In this regard, our
sample represents a homogeneous collective. Gastrolysis, gastric tube formation, and D2
lymphadenectomy were performed in all surgical procedures. At the end of the abdominal
phase, an initial vascularization check of the gastric tube was performed with ICG. In
the thoracic part, an en bloc esophagectomy with lymphadenectomy and appropriate
safety margin was performed and checked using frozen sections. Anastomosis of the
gastric tube with the remaining esophagus was performed using an end-to-side technique
using a 29 mm circular stapler. After completing the anastomosis, another vascularization
check was performed with ICG. For more details on the surgical procedures (hybrid-
esophagectomy and RAMIE), refer to Ref [4].

Clinical characteristics, surgery details, and preoperative laboratory parameters were
extracted from hospital records. Patients were followed up for at least 30 days to monitor
postoperative complications. The dataset contained 21 features, as listed in Table 1. All
procedures adhered to the Declaration of Helsinki with Good Clinical Practice (GCP) and
the STROCSS 2019 Guideline [19–21]. Ethical approval was obtained from the combined
ethics committee of the University of Muenster (Muenster, Germany) and the Medical
Association of Westphalia-Lippe (reference number: 2022-123-f-S), and written general
consent for the scientific use of medical data was obtained from all patients.
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Table 1. Pre- and perioperative characteristics: Number of cases with the respective conditions
with respect to the two endpoints investigated in this study. p-values correspond to a chi-square
test and * denotes statistical significance. AI = anastomotic insufficiency, BMI = body mass index,
ASA = American Society of Anesthesiologists, CRP = C-reactive protein.

Endpoint: AI Endpoint: Multi-Cycle EndoVac Therapy

Preoperative characteristics
No AI AI p-value Single-cycle Multi-cycle p-value

Demographic data
Age in years

0.842 0.882
<65 67 14 36 45
65–75 33 8 20 21
>75 21 6 13 14
Sex

0.118 0.657male 94 26 54 66
female 27 2 15 14
BMI in kg/m2

0.092 0.004 *
<25 53 6 37 22
25–30 41 13 21 33
>30 27 9 11 25
Preoperative diagnostics and therapy
ASA score

0.744 0.094<2 4 0 4 0
≥2 117 28 65 80
Tumor localization

0.423 0.625upper or middle third 0 1 0 1
gastroesophageal junction 121 27 79 69
Neoadjuvant therapy

0.335 0.244
chemotherapy 47 6 29 24
chemoradiotherapy 65 19 34 50
none 9 3 6 6
Charlson comorbidity index

0.036 0.709<3 28 1 12 17
≥3 93 27 57 63
T-status pretherapy

0.234 0.281
T1 8 5 8 5
T2 25 4 16 13
T3 86 19 59 46
T4 2 0 0 2
N-status pretherapy

0.999 0.491N0 27 6 13 20
N+ 94 22 56 60
Medication
Blood pressure medication

0.124 0.038 *yes 69 21 35 55
no 52 7 34 25
Cortisone medication

0.999 0.542yes 2 0 0 2
no 119 28 69 78
Immunosuppression

0.162 0.298yes 1 2 0 3
no 120 26 69 77
Anticoagulant

0.395 0.224yes 27 9 13 23
no 94 19 56 57
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Table 1. Cont.

Endpoint: AI Endpoint: Multi-Cycle EndoVac Therapy

Laboratory parameters
Preoperative CRP in mg/dl

0.999 0.999<0.5 33 6 23 16
≥0.5 23 4 16 11
Preoperative leucocytes

0.473 0.679<10,000 81 14 64 70
≥10,000 33 9 4 7
Preoperative hemoglobin in mg/dL

0.763 0.999<12 37 10 22 25
≥12 84 18 47 55
Perioperative characteristics
Treatment group

0.518 0.478full-robotic 54 10 27 37
hybrid-robotic 67 18 42 43
Surgery duration (complete procedure)
in minutes

0.430 0.009 *<360 33 5 25 13
≥360 88 23 44 67
Surgery duration (thoracic part) in minutes

0.473 0.004 *<240 81 14 52 43
≥240 33 9 11 31
Intraoperative blood loss in mL

0.597 0.081<100 37 11 24 24
≥100 49 10 27 32
R status

0.999 0.999R0 115 26 65 76
R1 6 2 4 4

Endpoints: At Münster University Hospital, a proactive approach is implemented to
minimize postoperative complications after esophagectomy. Patients undergo pre-emptive En-
doVac therapy, which involves the placement of an EndoVac intraoperatively. This approach
contrasts with the standard procedure, where the EndoVac is used only in case of compli-
cations [22]. The EndoVac is a standard therapy for postoperative treatment [23–25]. The
pre-emptive EndoVac therapy is a novel technology for reducing AI rate and postoperative
morbidity. The approach has also been used successfully in other centers [26–28]. Following
surgery, patients are closely monitored in the Intensive Care Unit (ICU) for at least one night,
with extended stay if necessary. Once there are no complications, patients are transferred to
the general ward, where they receive standardized postoperative care.

All patients undergo esophagogastroduodenoscopy on the fifth day after surgery
to check for AI and identify any defects based on the Esophagectomy Complications
Consensus Group standards [29]. If the findings are normal, the EndoVac is removed and
the patient is started on an oral diet. The occurrence of AI is defined as the first endpoint in
this investigation. However, in cases where complications—including but not limited to
AI—arise, EndoVac therapy is continued. If the EndoVac probe remains in place beyond
the fifth day, enteral nutrition is given using a PEJ tube (Freka FCJ FR 9, Fresenius Kabi,
Bad Homburg, Germany). Note that, in principle, a feeding tube can be placed along
the sponge of the EndoVac. However, this is disadvantageous because pressure points
and concomitant local reduced blood flow delay the healing of the surgical area. In this
regard, a PEJ tube is chosen to provide nutrition via enteral feeding, which is the standard
after esophagectomy [30,31]. During laparotomic esophagectomy, PEJ tube insertion is
recommended for patients regardless of complications [32].
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The need for one or more EndoVac changes beyond the single prophylactic EndoVac
cycle indicates a complicated course and defines the second endpoint. Based on the number
of EndoVac cycles required, patients can be categorized into low-risk or high-risk groups,
allowing for further risk stratification. This proactive approach aims to optimize patient
outcomes by promptly identifying and managing complications, ultimately enhancing the
success of esophagectomy procedures.

Statistical analysis: Statistical analyses were performed in Python 3 to explore the
different feature expressions within the two classes defined by the endpoints. Statistical
significance was determined using the chi-square test to compare two proportions to test
the hypothesis that proportions do not differ between the high and low-risk groups. The
test was performed with Scipy using the statsmodels toolbox [33]. We performed Welch’s
t-test to test two independent samples’ average (expected) values for equality. We chose
Welch’s t-test as it is less biased compared with the Student’s t-test in cases of non-equal
variance in the compared datasets [34]. The t-test was performed using Python’s Pingouin
package [35]. Binomial logistic regression was performed to determine the ability of certain
correlated features to predict the dichotomous variable of the investigated cases’ group
membership (high or low-risk group). These features are the laboratory and patient data
specified in the results section. The logistic regression assigns weights to the respective
features. It also assigns the odds of being in the high-risk group based on the features. We
used the statsmodels’ Logit function to perform logistic regression. All reported p-values
are two-sided. The significance level was set to p = 0.05.

3. Results

3.1. Preoperative Characteristics

Between September 2017 and March 2022, 149 patients underwent minimally invasive
surgery for resectable esophageal cancer, followed by prophylactic EndoVac treatment.
Of these, 124 patients were treated via RAMIE and 25 were treated via hybrid surgery.
Cases were divided based on two endpoints: endpoint 1, division based on the event of
an AI (cases with AI: n = 28, 18.8%), and endpoint 2, division based on the number of
postoperative EndoVac cycles required (cases with multi-cycle EndoVac therapy: n = 80,
53.7%). An overview of the data and endpoints can be found in Figure 1. Common clinical
cutoff values were chosen for the quantitative variables to realize group division.

Figure 1. Overview of the data used in this study and the two endpoints. AI = anastomotic insufficiency.

We found the correlation between BMI category (<25 kg/m2 (normal), 25–30 kg/m2

(overweight), >30 kg/m2 (obesity)) and AI to be significant (p = 0.049). The correlation
between Charlson comorbidity index category (<3 (moderate), ≥3 (severe)) and AI was
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also significant (p = 0.036). Additionally, we found the correlation between BMI category
and multi-cycle EndoVac therapy to be significant (p = 0.004). Moreover, the relationship
between blood pressure medication and multi-cycle EndoVac therapy was also significant
(p = 0.038). Other patient characteristics were not statistically significant (see Table 1).

3.2. Perioperative Characteristics

Perioperative characteristics comprised surgery type and duration, intraoperative
blood loss, and R status. The correlation between surgery duration (<360 min (short),
≥360 min (long)) and multi-cycle EndoVac therapy was significant, with p = 0.009 for the
complete procedure and p = 0.004 for the thoracic part of the procedure (here <240 min
(short), ≥240 min (long)). Other correlations were not statistically significant. Perioperative
parameters are presented in Table 1.

We also computed Welch’s t-test for continuous variables to test the averages of the
two groups for equality for each endpoint. Details can be found in Table 2. We found
a significant difference in BMI for cases with and without AI (p = 0.05) and cases with
single- and multi-cycle EndoVac therapy (p = 0.002). We also found a significant difference
between single- and multi-cycle EndoVac therapy for the complete (p < 0.001) and thoracic
(p = 0.001) surgery durations (Figure 2).

Table 2. Details of continuous variables and results of Welch’s t-test based on the AI and multi-
cycle EndoVac therapy endpoints. * denotes statistical significance. AI = anastomotic insufficiency,
BMI = body mass index, CRP = C-reactive protein.

No AI AI

mean SD mean SD p-value
Age in years 64.23 9.89 66.19 9.29 0.33
BMI in kg/m2 26.44 5.52 28.36 4.30 0.05 *
Preoperative CRP in mg/dL 0.85 1.86 0.68 1.09 0.71
Preoperative leucocytes 6640 2120 6400 1460 0.50
Preoperative hemoglobin in mg/dL 12.56 1.45 12.77 2.20 0.64
Surgery duration (complete procedure) in minutes 436.80 107.37 473.07 137.17 0.20
Surgery duration (thoracic part) in minutes 214.69 80.92 240.91 91.59 0.22
Intraoperative blood loss in mL 246.51 358.69 304.76 470.03 0.60

Single-cycle Multi-cycle
mean SD mean SD p-value

Age in years 65.17 9.32 64.10 10.19 0.508
BMI in kg/m2 25.34 4.80 28.07 5.50 0.002 *
Preoperative CRP in mg/dL 0.90 2.14 0.70 1.01 0.621
Preoperative leucocytes 6350 1960 6810 2060 0.174
Preoperative hemoglobin in mg/dL 12.49 1.49 12.70 1.72 0.417
Surgery duration (complete procedure) in minutes 405.90 100.92 476.15 115.43 <0.001 *
Surgery duration (thoracic part) in minutes 195.13 61.11 239.50 93.74 0.001 *
Intraoperative blood loss in mL 230.39 373.78 283.04 391.02 0.482

3.3. Modeling the Likelihood of an AI and a Multi-Cycle EndoVac Therapy

We used the variables that were correlated with the endpoints to model the likelihood
of the respective events. We performed a binomial logistic regression to determine the
ability of BMI and the Charlson comorbidity index to predict the likelihood of an AI; the
model was not significant (p = 0.107). Additionally, we performed a binomial logistic
regression analysis to determine the ability of BMI, blood pressure medication, and surgery
duration to predict the likelihood of multi-cycle EndoVac therapy. We performed a similar
analysis using the duration of surgery on the thoracic part instead of the duration of the full
surgery and found similar results. The binomial logistic regression model was statistically
significant (p < 0.001). Balanced accuracy in classification was 66.7%, with a sensitivity of
72.5% and a specificity of 60.9%. Of the three variables input into the regression model, two,
BMI (p = 0.048) and surgery duration (p = 0.004), contributed significantly to predicting
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multi-cycle EndoVac therapy, while the third variable, blood pressure medication, showed
no significant effect (p = 0.090). For every unit increase in BMI, the odds of the patient being
in the high-risk group were 1.074 times larger than the odds of the patient not being in
the high-risk group when all other variables were held constant. For every unit increase
in surgery duration, the odds of the patient being in the high-risk group were 1.005 times
larger than the odds of the patient not being in the high-risk group when all other variables
were held constant. Thus, both BMI and surgery duration had small but significant negative
effects. For all model coefficients and odds, see Table 3.

Figure 2. Bar plots of continuous variables with mean values of the different endpoints. The error
bars denote standard deviations. (A) BMI for the AI endpoint, (B) BMI for the multi-cycle EndoVac
therapy endpoint, (C) surgery duration of the complete procedure for the multi-cycle EndoVac
therapy endpoint, (D) surgery duration of the thoracic part for the multi-cycle EndoVac therapy
endpoint. Pairwise p-values comparing the distributions of variables for different event groups were
computed using Welch’s t-test.

Table 3. Model coefficients of the logistic regression used to determine the ability of BMI, blood
pressure medication, and surgery duration to predict the likelihood of multi-cycle EndoVac therapy.
* denotes statistical significance. CI = confidence interval, BMI = body mass index.

Coefficient Standard Error p-Value Odds Ratio Lower 95% CI Upper 95% CI

Intercept −4.381 1.143 <0.001 * 0.013 0.001 0.118
BMI in kg/m2 0.072 0.036 0.048 * 1.074 1.001 1.15
Blood pressure
medication 0.617 0.364 0.090 1.854 0.909 3.783

Surgery duration
(complete procedure)
in minutes

0.005 0.002 0.004 * 1.005 1.002 1.009

3.4. Subgroup Analysis

We performed a subgroup analysis using only cases in which the variables above had
values that defined the high-risk group. Significant results are presented in Table 4. Note
that, unless otherwise specified, we used the cutoff values defined in Table 1. The subgroup
analysis underlies the differences in BMI and surgery duration across differently defined
high-risk and low-risk groups.
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Table 4. Subgroup analysis investigating variables in the multi-cycle EndoVac therapy endpoint.
Subgroups are defined by cutoffs resulting in subgroup sizes given in the left column. Only significant
results are shown. AI = anastomotic insufficiency, BMI = body mass index, ASA = American Society
of Anesthesiologists.

Subgroup Definition Variable p-Value

Endpoint: Multi-cycle EndoVac therapy

BMI ≥ 25 (n = 90)
ASA score 0.018
Blood pressure medication 0.038

Blood pressure medication (n = 90)
BMI category 0.003
Hemoglobin preoperative 0.047
Surgery duration (thoracic part) 0.005

Surgery duration (thoracic part) ≥ 240 min (n = 41) Neoadjuvant surgery radiochemotherapy
vs. chemotherapy or none 0.035

Surgery duration (full surgery) ≥ 360 min (n = 110) BMI > 25 0.014
ASA score 0.041

Charlson comorbidity index ≥ 3 (n = 120) BMI category 0.021
Endpoint: AI

Surgery duration (thoracic part) ≥ 240 min (n = 41) Neoadjuvant surgery radiochemotherapy
vs. chemotherapy or none 0.024

4. Discussion

Esophagectomy is a complex surgical procedure that involves removing and recon-
necting parts of the esophagus to the stomach. There has been considerable technical
progress in the field of esophagectomy in the last decade [6,15,17,18,36–38]. While mini-
mally invasive techniques offer several advantages, including reduced postoperative pain
and shorter hospital stays, there is still a risk of complications that can affect patient out-
comes. Unlike other complications, the rate of AI has not substantially decreased with the
transition from surgical approaches to minimally invasive surgery. It is expected that this
will improve in the future through the use of modern technologies and artificial intelligence
methods [39]. At present, AI is still a complication that needs to be addressed. One of the
critical challenges in managing postoperative complications is the provision of adequate
enteral nutrition to support the healing process and prevent complications such as AI,
where the surgical connection between the esophagus and stomach does not heal properly.
This study investigated risk factors for a complicated postoperative course and the subse-
quent need for PEJ tube supply for enteral nutrition. The high-volume center at Münster
University Hospital implements pre-emptive EndoVac therapy after esophagectomy, which
ensures uniform postoperative access and control. Therefore, this study provides a unique
opportunity to examine risk factors using a limited but high-quality dataset.

The findings of this study reveal that BMI and the Charlson comorbidity index are
significantly correlated with the occurrence of AI. These results are consistent with previous
experiences of anastomotic healing [40–43]. Additionally, the surrogate parameter, multi-
cycle EndoVac therapy, is correlated with BMI, blood pressure medication use, and the
duration of surgery. High BMI and longer surgery durations were identified as potential
risk factors for multi-cycle EndoVac therapy and a complicated postoperative course. A
subgroup analysis hints at the importance of BMI and surgery duration, as well as ASA
score, blood pressure medication, hemoglobin level, and neoadjuvant therapy type as
indicators of a high-risk subgroup. BMI, surgery duration, ASA score, hemoglobin level,
cardiovascular comorbidities, and neoadjuvant therapy are known risk factors for AI
following gastrointestinal surgery [44–46]. Future studies of more extensive samples might
confirm these features as risk factors for AI following esophagectomy.

The study’s results offer valuable insights into managing postoperative complications
after minimally invasive esophagectomy. We found evidence that high BMI and prolonged
surgery duration increase the risk of postoperative complications.
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By identifying predictive factors, healthcare professionals can proactively address the
nutritional needs of high-risk patients, potentially reducing the incidence of complications
and improving overall postoperative outcomes. Pre-emptive placement of a PEJ tube
can be justified in cases involving the factors we identified in this study. Despite these
valuable findings, the study has limitations that need to be acknowledged. The study was
conducted at a single center; therefore, the generalizability of the results may be limited,
and multi-center studies are suggested for future research. The use of machine learning
methods may allow the exploration of interactions between variables and the generation of
more generalizable predictive models.

5. Conclusions

In conclusion, understanding and identifying risk factors associated with postopera-
tive complications following minimally invasive esophagectomy can help improve patient
care. The study’s findings emphasize the importance of personalized approaches in manag-
ing post-surgery complications and highlight potential areas for intervention to optimize
patient outcomes. Ultimately, this research contributes to the ongoing efforts to enhance
the safety and effectiveness of minimally invasive esophagectomy procedures.
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Abstract: Background: Even though minimally invasive esophagectomy is a safe and oncologically
effective procedure, several authors have reported an increased risk of postoperative hiatal hernia
(PHH). This study evaluates the incidence and risk factors of PHH after hybrid minimally invasive
(HMIE) versus open esophagectomy (OE). Methods: A retrospective single-center analysis was
performed on patients who underwent Ivor Lewis esophagectomy between January 2009 and April
2018. Computed tomography scans and patient files were reviewed to identify the PHH. Results:
306 patients were included (152 HMIE; 154 OE). Of these, 23 patients (8%) developed PHH. Most
patients (13/23, 57%) were asymptomatic at the time of diagnosis and only 4 patients (17%) presented
in an emergency setting with incarceration. The rate of PHH was significantly higher after HMIE
compared to OE (13.8% vs. 1.3%, p < 0.001). No other risk factors for the development of PHH were
identified in uni- or multi-variate analysis. Surgical repair of PHH was performed in 19/23 patients
(83%). The recurrence rate of PHH after surgical repair was 32% (6/19 patients). Conclusions: The
development of PHH is a relevant complication after hybrid minimally invasive esophagectomy.
Although most patients are asymptomatic, surgical repair is recommended to avoid incarceration
with potentially fatal outcomes. Innovative techniques for the prevention and repair of PHH are
urgently needed.

Keywords: esophagectomy; esophageal cancer; hiatal hernia; minimally invasive surgery;
postoperative complication

1. Introduction

Esophageal carcinoma is the eighth most common cancer in the world and the sixth
most common cause of cancer death worldwide [1]. Although multimodal treatment
protocols are progressively applied, surgery remains the central part of curative treatment
for most patients. Different techniques of esophagectomy with variations in terms of
resection and reconstruction are performed internationally. Established techniques include
a transhiatal, two-field transthoracic (Ivor Lewis) and tri-incisional resection (abdominal
incision, right thoracotomy and left neck incision.). The two-field Ivor Lewis procedure
is the technique most used in the Western world today. It includes an abdominal part
as well as a thoracic part of the resection via right thoracotomy. The reconstruction is
performed with intrathoracic anastomosis. For most patients, a gastric sleeve is used for
reconstruction and esophageal replacement, whereas reconstruction with jejunum or colon
is far less commonly performed. Esophagectomy is associated with significant surgical
morbidity. Postoperative morbidity has been reduced by the use of minimally invasive
techniques, regardless of the respective technique, e.g., complete minimally invasive or
hybrid techniques [2–4]. The main benefit of minimally invasive esophagectomy is a
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reduction in pulmonary morbidity [2,3]. Since the oncological outcome remains comparable
to open esophagectomy, totally and hybrid minimally invasive esophagectomy has become
the standard procedure.

At the Medical Centre of the University of Freiburg, hybrid minimally invasive
esophagectomy (HMIE) and open esophagectomy (OE) are both applied as highly standard-
ized procedures [5,6]. Over the years, HMIE has become the gold standard technique for
esophageal resections in our center. However, with the consecutive clinical implementation
of HMIE as the standard technique, an increased occurrence of postoperative paraconduit
hiatal hernia (PHH) has been observed. The occurrence of PHH after totally minimally
invasive esophagectomy (TMIE) was recently reported to be more frequent than after open
esophagectomy [7–9]. Although there are several studies on the occurrence of PHH after a
TMIE procedure, there are very few studies on the HMIE procedure. Although PHHs are
often asymptomatic, there is a risk of ischemia of the herniated intestine, with potentially
fatal consequences [10].

Overall, the literature on PHH is still quite limited, including mostly retrospective
studies and two meta-analyses based on retrospective data. A further problem in the
existing literature on this topic is the frequent use of heterogeneous patient collectives with
diverse operating techniques such as gastrectomy, transhiatal esophagectomy, Ivor Lewis
or McKeown esophagectomy. However, research on the comparison between HMIE and
OE in terms of PHH occurrence is still limited.

This study aims to determine and compare the incidence, potential risk factors and
outcome of PHH after OE and HMIE.

2. Materials and Methods

2.1. Study Design

We conducted a single-center retrospective study with the objective of determining
incidence and outcomes of PHH after esophagectomy. We included patients operated
between January 2009 and April 2018. The included patients underwent either a fully open
Ivor Lewis esophagectomy (OE) or hybrid minimally invasive esophagectomy (HMIE).
The applied technique of HMIE included a laparoscopic abdominal and open thoracic part
via right thoracotomy as described in prior reports [11,12]. All patients were reconstructed
using a gastric sleeve, and patients with other forms of reconstruction were excluded from
the analysis. In both groups, a widening of the hiatus by intraoperative hiatotomy of the
right crura and prophylactic colopexy of the transverse colon to the abdominal wall were
sometimes performed based on the surgeon’s preference. Clinical follow-up of all patients
was conducted routinely in our specialized outpatient department for Upper GI Surgery.
Occurrence of PHH was identified by a computed tomography (CT) performed in all
patients either during the regular oncological follow-up or due to specific symptoms. PHH
was defined as herniation of abdominal organs (excluding the gastric conduit) through
the esophageal hiatus. Anatomical details about PHH were identified through evaluation
of CT scans. Patient data, including medical history, disease symptoms and management
of the hiatal hernia, were extracted from patient charts. The study was approved by the
Medical Ethics Committee of the University of Freiburg (File No. 253/19).

2.2. Statistical Analysis

Descriptive statistics were applied for the patient characteristics and postoperative
complications. Univariate analysis was performed to assess the role of potential risk factors
for the occurrence of PHH. All parameters with a significance of p < 0.1 were subsequently
entered into a binary logistic regression analysis with backwards stepwise variable selection.
A statistical significance level of 0.05 was used and statistical analysis was performed using
IBM SPSS Statistics version 28.0 (IBM Corp, Armonk, NY, USA).
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3. Results

3.1. Study Population

Overall, 387 patients underwent an esophagectomy between January 2009 and April
2018. Seventy-four of these patients underwent a transhiatal distal esophagectomy with
gastrectomy and were excluded from the analysis. One patient underwent an emergency
esophagectomy without reconstruction and a further six patients received an esophagec-
tomy with a reconstruction other than gastric pull-up (colonic interposition (n = 3); jejunal
interposition (n = 3)), and were also excluded in the analysis. Finally, 306 patients who
underwent esophagectomy and reconstruction with gastric conduit were included. HMIE
was performed in 152 patients (49.67%) and OE in 154 patients (50.3%) (Figure 1). There
were no conversions to open surgery in the HMIE group. Overall, 295 procedures were
performed for esophageal cancer, with esophageal adenocarcinoma being the most frequent
diagnosis (n = 215, 70.3%). Most of the patients received neoadjuvant treatment in the form
of chemoradiation (n = 104, 34%) or chemotherapy alone (n = 140, 45.6%), in accordance
with national guidelines. Demographic data are shown in Table 1.

01/2009 - 04/2018

387 esophagectomies

Transthoracic 
esophagectomy 

(n = 312)

Inclusion into anlaysis:
esophagectomy with 

gastric conduit 
(n = 306)

OE
(n = 154)

HMIE 

(n = 152)

Exclusion from analysis due to 
reconstruction technique:

no reconstrution (n = 1)
jejenal interposition (n = 3)
colon interposition (n = 3)

Exclusion from analysis:

transhiatal distal 
esophagectomy with 
gastrectomy (n = 75)

Figure 1. Flowchart of the study population selection. OE = open esophagectomy, HMIE = hybrid
minimally invasive esophagectomy.
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Table 1. Clinicopathological characteristics of the study population.

HMIE OE

Patients (n) 152 154
Male gender (n, %) 117 (77%) 133 (86.4%)
Age (median, years) 62 63
BMI (median, kg/m2) 26.5 25
ASA-score (n, %)

I 1 (0.7%) 2 (1.3%)
II 75 (49.3%) 76 (49.4%)
III 72 (47.4%) 73 (47.4%)
IV 4 (2.6%) 3 (1.9%)

Tumor histology (n, %)
Adenocarcinoma 114 (75%) 101 (65.6%)
Squamouscell carcinoma 33 (21.7%) 47 (30.5%)
Others 5 (3.3%) 6 (3.9%)

Neoadjuvant treatment (n, %)
None 34 (22.4%) 27 (17.7%)
Chemotherapy 68 (44.7%) 72 (46.7%)
Chemoradiation 49 (32.2%) 55 (35.7%)
Radiotherapy 1 0

Comorbidity (n, %)
Nicotine abuse 57 (37.5%) 67 (43.5%)
CHD 16 (10.5%) 18 (11.7%)
Diabetes 20 (13.2%) 21 (13.6%)
Adipositas 25 (16.4%) 21 (13.6%)
COPD 22 (14.5%) 19 (12.3%)

BMI = body mass index; ASA = American Society of Anaesthesiologists; CHD = coronary heart disease;
COPD = chronic obstructive pulmonary disease.

3.2. Postoperative Hiatal Hernia

Overall, 23 of the patients (7.5%) developed PHH in the postoperative course. The
median follow-up time was 21 months. The occurrence of PHH was significantly increased
after HMIE (n = 21, 13.8%) compared to OE (n = 2, 1.3%, p < 0.001). The median time to
diagnosis after HMIE was 14 months, and it was 75.5 months after OE. In every analyzed
case, the transverse colon was the herniated organ, with additional herniation of the small
intestine in three cases. Most frequently, the hiatal hernia occurred on the left thoracic side
(n = 18, 78.3%) (Figure 2), followed by small mediastinal hernias in the middle (n = 3, 13%).
In one case, the hernia occurred on the right side (4.4%) (Figure 3) and in another case
bilaterally (4.4%).

 

Figure 2. Exemplary CT-scan of a hiatal hernia on the left thoracic side after HMIE. Gastric conduit
marked with thin white arrow; herniated colon marked with thick red arrow.
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Figure 3. Exemplary CT-scan of a hiatal hernia on the right thoracic side after HMIE. Gastric conduit
marked with thin white arrow; herniated colon marked with thick red arrow.

Univariate analysis was performed to assess the role of potential risk factors for the
occurrence of PHH. The examined factors included patient characteristics, surgical tech-
nique factors and postoperative complications. The following parameters were included in
the univariate analysis: age, gender, ASA, operating technique (HMIE vs. OE), T and N
stadium, intraoperative hiatotomy, prophylactic colopexy, preexisting hiatal hernia, BMI,
nicotine abuse, COPD, CHD, diabetes mellitus, use and type of neoadjuvant treatment,
postoperative pneumonia, postoperative mediastinitis, anastomotic leakage, anastomotic
stricture and delayed gastric emptying (Table 2). Five parameters showed a significance
p < 0.1 and were entered into a binary logistic regression analysis. Using backwards
stepwise variable selection, the following variables were excluded from the equation: pro-
phylactic colopexy, intraoperative hiatotomy, T-stage and N-stage, leaving HMIE as the
only significant factor related to an increased development of PHH after esophagectomy
(Table 3).

Table 2. Univariate analysis of risk factors for postoperative hiatal hernia.

Variable Hiatal Hernia (n, %) No Hiatal Hernia (n, %) p-Value

Patients 23 283
Male gender 16 (69.6%) 234 (82.7%) 0.118
Age (years)

0.759<65 12 (52.2%) 157 (55.5%)
≥65 11 (47.8%) 126 (44.5%)

BMI (kg/m2)
0.66<25 9 (39.1%) 124 (43.8%)

≥25 14 (60.9%) 159 (56.2%)
ASA-score

0.29
I + II 14 (60.9%) 140 (49.5%)
III + IV 9 (39.1%) 143 (50.5%)

Comorbidity
Nicotine abuse 10 (43.5%) 114 (40.3%) 0.76
CHD 2 (8.7%) 32 (11.3%) 0.7
Diabetes 2 (8.7%) 39 (13.8%) 0.49
COPD 3 (13%) 38 (13.4%) 0.96
Preexisting hiatal hernia 2 (8.7%) 30 (10.6%) 0.78

T stadium
0.046T 0–2 20 (87%) 183 (66.8%)

T 3–4 3 (13%) 91 (33.2%)
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Table 2. Cont.

Variable Hiatal Hernia (n, %) No Hiatal Hernia (n, %) p-Value

N- stadium
0.1N0 18 (78.3%) 166 (61%)

N+ 5 (21.7%) 106 (39%)
Neoadjuvant treatment

Chemotherapy 18 (78.3%) 226 (79.9%) 0.86
Radiochemotherapy 8 (34.8%) 97 (34.3%) 0.96

Operation technique
HMIE 21 (91.3%) 131 (46.3%)

<0.001OE 2 (8.7%) 152 (53.7%)
Hiatotomy 20 (87%) 196 (69.3%) 0.073
Colopexy 19 (82.6%) 171 (60.4%) 0.035

Postoperative complications
Pneumonia 6 (26.1%) 62 (21.9%) 0.64
Mediastinitis 0 6 (2.1%) 0.48
Anastomotic leakage 1 (4.3%) 17 (6%) 0.75
Anastomotic stenosis 3 (13%) 15 (5.3%) 0.13
Delayed gastric emptying 2 (8.7%) 28 (9.9%) 0.85

BMI = body mass index; ASA = American Society of Anaesthesiologists; CHD = coronary heart disease;
COPD = chronic obstructive pulmonary disease, OE = open esophagectomy, HMIE = hybrid minimally invasive
esophagectomy.

Table 3. Multivariate analysis of risk factors for postoperative hiatal hernia.

Variable Odds Ratio 95%-CI p-Value

HMIE vs. OE
OE Reference Reference

<0.001HMIE 11.812 2.717–51.366

In most cases, PHH were asymptomatic (n = 13, 56.5%) and were diagnosed coinci-
dentally by CT scans performed as part of the routine oncologic follow-up (Table 4). The
remaining patients (n = 10, 43.5%) were symptomatic, with four patients (17.4%) presenting
as an emergency (one ileus and three incarcerations of intestine) (Figure 4). The most
common symptom was abdominal pain and discomfort. Surgical repair was strongly
recommended to every patient with diagnosed PHH. Out of 23 patients, 4 patients de-
clined surgical intervention despite the strong recommendation. Meanwhile, 19 patients
underwent surgical repair (82.6%), of which 4 (21%) were in emergency settings. One of
the patients operated in an emergency setting died in the ICU due to septic shock.

 

Figure 4. Exemplary CT-scan of an incarcerated hiatal hernia on the left thoracic side with a clear
mediastinal shift to the right. Gastric conduit marked with thin white arrow; herniated colon marked
with thick red arrow.
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Table 4. Characteristics of the hiatal hernia and surgical repair technique.

Characteristics HH (n = 23) (%)

Content of HH, n (%)
Colon 23 (100)
Additionally small bowel 3 (13)

Position of the HH n (%)
Left thoracic side 18 (78.3)
Right thoracic side 1 (4.4)
Both sides 1 (4.4)
Lower mediastinum 3 (13)

Symptoms n (%)
None 13 (56.5)
Abdominal pain and discomfort 10 (43.5)
Ileus/incarceration 4 (17.4)

Surgical repair, n (%)
Laparoscopic 16 (84.2)
Conversion 2 (12.5)
Open 3 (15.8)
Gastropexy 8 (42)
Hiatoplasty 9 (47.4)
Mesh augmentation 4 (21)
Colopexy 15 (78.9)

Recurrence rate, n (%) 6 (31.6)

The operation on the PHH was usually performed laparoscopically (n = 16, 84.2%)
with only two conversions to open surgery (Table 4). The standard procedure involved
a repositioning of the intestine and colopexy. In 42%, a gastropexy to the hiatus was
performed to minimize the hiatal opening. If feasible, a suture hiatoplasty was also
performed (47.4%). Since this is not always possible due to wide and scarified hiatus
(Figure 5), different procedures were used like mesh augmentation of the hiatus (21%) or a
curtain-like suspension of the mesocolon in front of the hiatus by a wide colopexy to the
abdominal wall (31.6%). We observed a significant recurrence of the hiatal hernia after
repair (n = 6, 31.6%). Here, again, the transverse colon was always involved, with additional
herniation of small intestine in one case. The surgical repair of the hernia was repeated in
five of the cases. One patient did not undergo surgical treatment due to tumor progression.

 

Figure 5. Exemplary picture of extremely enlarged, scarified and inflexible hiatus after HMIE. The
herniated intestine (colon) has already been removed from the thorax.

4. Discussion

HMIE with gastric pull-up is performed with high safety as a standardized operative
technique for patients with esophageal cancer, as reported previously [5]. Reduction in the
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intraoperative and postoperative complications can be achieved by the use of minimally
invasive techniques like HMIE or TMIE [2–4]. Despite the great advantages over the years
with the implementation of minimally invasive techniques in esophageal surgery, one
complication seemed to increase: the PHH [13]. The literature on this growing problem
is limited since only retrospective studies and two meta-analyses based on retrospec-
tive data [13–17] are available. Most of the studies focus on totally minimally invasive
esophagectomy or use a heterogeneous patient collective with diverse operating tech-
niques such as gastrectomy, transhiatal distal esophagectomy, Ivor Lewis or McKeown
esophagectomy (Table 5).

Table 5. Literature review on post-esophagectomy PHH.

Study Year Patients (n)
Included
Operations

PHH
Overall
(%)

PHH
OE
(%)

PHH
TMIE
(%)

PHH
HMIE
(%)

PHH
Recurrence
(%)

Vallböhmer et al. [18] 2007 355 OE Ivor Lewis
HMIE (two-stage) 2.5 2.4 / 2.7 /

Kent et al. [19] 2008 1075 OE and TMIE Ivor Lewis
OE and TMIE McKeown 4 0.8 2.8 / 29

Price et al. [20] 2011 2182 OE Ivor Lewis
OE transhiatal 0.7 0.7 / / 13.3

Ganeshan et al. [21] 2013 440

OE Ivor Lewis

15

12

/ 44OE McKeown 17
OE transhiatal 24
TMIE 10

Bronson et al. [13] 2014 114 TMIE Transhiatal
TMIE McKeown 8 / 8 / 12.5

Benjamin et al. [22] 2015 120 MIE 5.8 / 5.8 / 20

Messenger et al. [23] 2015 273 OE, TMIE and HMIE
Ivor Lewis 4 1 13.2 18

Severino et al. [24] 2016 390 HMIE 8.2 / / 8.2 19

Matthews et al. [25] 2016 631
OE and TMIE Ivor Lewis
OE and TMIE McKeown
HMIE
Gastrectomy

5.5 2 7 10 26

Andreou et al. [26] 2017 471
OE Ivor Lewis

2.8
2.7 / /

N/AOpen gastrectomy 0.7
Open extended gastrectomy 6.1

Brenkman et al. [27] 2017 657
OE and TMIE Ivor Lewis

7
4 10 /

15OE and TMIE McKeown 4 7 /
OE and TMIE transhiatal 11 4 /

Gooszen et al. [28] 2018 851
OE and TMIE Ivor Lewis

2.5
0 9.4

/ 19OE and TMIE McKeown 1.4 1.6
OE and TMIE transhiatal 1.3 2.3

Gust et al. [9] 2019
OE, HMIE or TMIE Ivor Lewis
OE or TMIE McKeown
OE and MIE transhiatal

1.2 0.7 1.4 /

Takeda et al. [29] 2019 328
TMIE McKeown
HMIE McKeown
RAMIE McKeown

2.4 / 2.4 0

Iwasaki et al. [16] 2020 113 TMIE McKeown 9.7 / 9.7 / /
Fuchs et al. [30] 2020 HMIE Ivor Lewis / / N/A. 7.7

Hanna et al. [17] 2020 258
OE and MIE
Ivor Lewis,
transhiatal and McKeown

31 N/A N/A N/A 17

Lubbers et al. [10] 2021 307 TMIE Ivor Lewis
TMIE McKeown 2.6 / 2.6 / 38

Puccetti et al. [8] 2021 414 OE, TMIE and HMIE
Ivor Lewis 5.3 2.9 8.3 5.4 13.6

Chung et al. [31] 2021 49 MIE 14 / 14 / 80

PHH = paraconduit hiatal hernia, OE = open esophagectomy, TMIE = totally minimally invasive esophagectomy,
MIE = minimally invasive esophagectomy, HMIE = hybrid minimally invasive esophagectomy, N/A = not
applicable.

In the present study, we investigated the occurrence of PHH after an Ivor Lewis
esophagectomy performed in the period from January 2009 to April 2018. The patient
collective involved only patients with Ivor Lewis esophagectomies performed either as
open or hybrid minimally invasive. We observed a significantly higher rate of hiatal hernia
after HMIE in comparison with OE (13.8% vs. 1.3%, p < 0.001). The transverse colon was
herniated in every case of PHH and 78.3% of the PHHs were on the left thoracic side,
similar to the study results of Brenkman et al. [27].
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A recently published meta-analysis reports 2.6% PHHs after OE and 6.3% after TMIE
including Ivor Lewis, McKeown and transhiatal esophagectomies [15]. Regarding HMIE,
6.7% of PHHs were reported based only on two studies [15,18,25]. The mentioned studies
report different outcomes. While Vallböhmer et al. report a low incidence of 2.7% PHHs after
HMIE, the incidence reported by Mathews et al. estimates 10% PHHs after HMIE [18,25].
Here, we have to take into account that the operating technique used in the study by
Vallböhmer et al. was a two-stage HMIE consisting of a laparoscopic mobilization of the
stomach followed by a second operation (open transthoracic esophagectomy) with a mean
delay of 4 days [18]. In a mixed collective of 414 patients operated, including different
techniques of Ivor Lewis esophagectomy, Pucceti et al. report 5.4% PHHs after HMIE but no
significant association between minimally invasive surgery and the occurrence of PHH [8].

The suspected mechanism for the higher incidence of PHH after HMIE or TMIE is the
presence of less adhesion after minimally invasive surgery, which allows a higher mobility
of the intestine. Also, it is suggested that the surgical widening of the hiatus is larger in
minimally invasive techniques. However, in our study, there was no significant impact of a
hiatotomy on the development of PHH. Regarding the extension of the widening of the
hiatus, a comparison between the groups was not possible due to the retrospective nature
of our study.

Although most patients are asymptomatic, surgical repair is recommended since a
significant percentage of patients develop unpredictable incarceration of the herniated
intestine. This can easily lead to perforation of the intestine with consecutive mediastinitis,
septic shock and high morbidity and mortality. In order to prevent such potentially fatal
complications, we recommend elective surgical repair regardless of whether the patient
is symptomatic or not. Besides the minimally invasive operating technique, no other risk
factors could be identified for the development of PHH. This should not discourage the use
of minimally invasive techniques, since their advantages have already been proven [2,3].
Nevertheless, this new risk factor for postoperative complications must raise awareness in
postoperative follow-up. Since a large part of the patients do not report any clear symptoms,
care must be given in the process of reviewing the follow-up imaging, to not miss possible
PHH. Furthermore, the occurrence of PHH after HMIE demands further refinement of the
technique. Until now, no prophylactic measures during esophagectomy have been shown
to significantly reduce the occurrence of PHH. In our study, there was also no significant
impact of prophylactic colopexy of the transverse colon to the abdominal wall performed
during the esophagectomy in terms of PHH.

A further problem regarding the treatment of PHH is the high recurrence rate after
surgical repair. We observed a PHH recurrence in 31.6% of the operated patients. Price
et al. analyzed over 2000 patients with PHH after MIE who underwent a hiatoplasty with
or without mesh reinforcement and reported morbidity rates of up to 60% and recurrence
rates of 13.3%, similar to the recently published data by Oppelt et al. [20,32]. Kent et al. also
analyzed the PHH repair with or without the use of mesh and reported recurrence rates of
up to 29%, which is comparable to our results [19]. The main reason for the high recurrence
rates is probably the technical difficulty of covering/closing the often extremely wide hiatal
opening and thinned crura. Depending on the large hiatal opening, it is sometimes not
possible to approximate the crura and an alternative solution for the closure of the gap may
be needed, such as the use of Goretex mesh or ligamentum teres hepatis, as previously
reported by our group [33]. Regardless of the technique used, maximum care must be taken
not to damage the feeding gastroepiploic vessels of the conduit.

The current study has several limitations, including the retrospective design. Partic-
ularly technical details, such as hiatal widening during operations, cannot be evaluated
in a retrospective setting. Furthermore, some learning curve bias cannot be excluded due
to the implementation of HMIE during the course of the study. Also, since there is no
standard treatment for PHH, the surgical treatment chosen was based on the surgeon’s
preferences. Loss to follow-up is minimized due to the close routine oncological follow-up
in our outpatient setting.
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Prospective studies are needed to examine possible prophylactic measures during
the esophagectomy such as cruroplasty or wide colopexy, in order to reduce the occur-
rence of PHH. Furthermore, in the absence of a standardized repair technique for PHH,
only prospective randomized studies comprising comparisons of different techniques and
mesh grafts can help us find the optimal repair solution in the case of PHH and reduce
recurrences.

5. Conclusions

PHH is a relevant complication after HMIE, with frequent herniation of the transverse
colon in the left thoracic side. Even though it is mostly asymptomatic, PHH can lead
to incarceration of the intestine with a potentially fatal outcome and should undergo
surgical repair. Surgeons must be aware of this complication and remain vigilant in
the postoperative radiological follow-up. Further refinement of the minimally invasive
esophagectomy technique as well as the PHH repair technique is needed to reduce the
occurrence of PHH and recurrence after repair.
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Abstract: (1) Background: A surgical operation on an inflamed bowel is, diachronically, a challenge
for the surgeon, especially for patients with inflammatory bowel disease. Adipose tissue-derived
mesenchymal stromal cells are already in use in clinical settings for their anti-inflammatory properties.
The rationale of the current study was to use AdMSCs in high-risk anastomoses to monitor if they
attenuate inflammation and prevent anastomotic leak. (2) Methods: a total of 4 groups of rats were
subjected to a surgical transection of the large intestine and primary anastomosis. In two groups,
DSS 5% was administered for 7 days prior to the procedure, to induce acute intestinal inflammation.
After the anastomosis, 5 × 106 autologous AdMSCs or an acellular solution was injected locally.
Macroscopic evaluation, bursting pressure, hydroxyproline, and inflammatory cytokine expression
were the parameters measured on the 8th post-operative day. (3) Results: Significantly less intra-
abdominal complications, higher bursting pressures, and a decrease in pro-inflammatory markers
were found in the groups that received AdMSCs. No difference in VEGF expression was observed
on the 8th post-operative day. (4) Conclusions: AdMSCs attenuate inflammation in cases of acutely
inflamed anastomosis.

Keywords: adipose tissue mesenchymal stromal cells; inflammatory bowel disease; bowel anastomo-
sis; anastomotic leak; colorectal surgery; dextran sodium sulfate

1. Introduction

Inflammatory bowel disease (IBD) is an immunological disease of the gastrointestinal
tract which is caused by an uncontrollable immunological response of the body. There
are two distinct clinical types of IBD, Crohn’s disease (CD) and ulcerative colitis (UC), the
incidence of which is significantly high in Europe compared to the rest of the world [1].
Demographically, CD affects younger patients in their 20s or 30s, while UC is more common
in the 3rd–4th decade of life, even though their presence in all age groups (0–90) is not
excluded [2]. As an illness that primarily affects young populations, which constitute the
working power of society, IBD has a significant socio-economic impact in the modern world.
Therapeutic costs, absence from work, and emotional disturbances are a great burden for
society and the individuals suffering from these diseases. In addition, these patients
suffer from a low quality of life after a surgical procedure that might require an ostomy,
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as well as the high inpatient costs due to prolonged hospitalization and perioperative
complications [3].

With regards to the phenotype of the disease, one third of patients with CD are
diagnosed with terminal ileitis; in another third of the patients, the disease is localized in
the colon only; and the final third of patients present with ileocolic disease. Approximately
10–20% of the patients present with perianal disease (abscesses, fistulae). Approximately
one third of patients with UC present with inflammation below the rectosigmoid junction;
another third present with a diseased colon up to the splenic flexure; and the final third of
patients present with extensive colitis [2].

The use of biological factors in the therapeutic arsenal of IBD has resulted in less
surgical operations, offering patients a better quality of life, with longer disease-free inter-
vals. Nevertheless, complications requiring surgical intervention can still occur, leading to
extended bowel resections and stomas [4]. The selection of the most appropriate operation
for each individual patient is tailored according to the characteristics of the individual
patient’s disease. In all disease phenotypes, the operations include limited or extended
resections with or without diverting stoma creation, and complex procedures to restore the
continuity of the gastrointestinal tract [5,6].

In the last few years, in addition to other therapeutic approaches that utilize biological
agents, mesenchymal stromal cells (MSC) have been utilized as an adjunct therapy. MSCs
are multipotent cells that are considered to have immunomodulatory and anti-inflammatory
properties. These cells can be harvested from bone marrow, placenta, or adipose tissue and
be used either systematically or locally [7].

Recent studies have aimed to investigate the metabolic and molecular pathways
through which the MSCs affect the inflammatory response; it is thought that MSCs affect
the inflammatory response by regulating the expression of certain inflammation-related
cytokines and reprogramming M1 macrophages [8–16]. Small molecules derived from
the MSCs, called exosomes, might affect intracellular communication by altering the
inflammatory response. This constitutes another experimental field which already shows
promising results in the pre-clinical studies [12,17–26].

Currently, the use of MSCs in extraluminal CD (fistulae, abscesses) shows good results
in clinical trials regarding their efficacy and safety. In addition, the literature shows that
adipose tissue-derived mesenchymal stromal cells (AdMSC) are the best choice for fistulae
therapy in CD [27–32]. Other MSC clinical trials target the recurrence of CD and UC
with the systematic administration of MSCs; this approach has promising results, as the
meta-analysis of Dave et al. shows [33].

Only a few studies have been designed to show the efficacy of MSCs in high-risk gas-
trointestinal anastomoses, but the experimental protocols used, and the variables measured,
are very diverse between the studies. Van de Putte et al. have shown that MSCs have the
ability to attenuate inflammation caused by preoperative radiotherapy, and ameliorate the
quality of the anastomosis [34]. Pascual et al. have shown increased medium bursting
pressure in a high-risk anastomosis with biological stromal cell embedded sutures [35]. A
few studies have shown reduced leak rates and increased medium bursting pressure with
MSCs in the ischemic anastomosis model [36–39]. Alvarenga et al. have shown, using an
experimental high-risk anastomosis model, that the use of AdMSCs resulted in reduced
local complication rates, the attenuation of the inflammation, and reduced tissue damage,
as well as the downregulation of pro-inflammatory cytokines [40].

The objective of the current study is to experimentally confirm that AdMSCs can
be applied on an acutely inflamed colonic anastomosis and decrease the risk of anasto-
motic complications and its derivatives (dehiscence, leak, abscess formation, peritonitis,
adhesions, and sepsis).
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2. Materials and Methods

2.1. Ethics Statement

All animal manipulations were in line with the current national laws for experimen-
tation (PD 56/2013). The license number for this experimental study is #810556(3269)
and granted by the prefecture of Central Macedonia. The ethical committee of Aristotle
University of Thessaloniki (license no. 07/2020/07.02.2020) co-signed the approval of the
current study. Compliance with ARRIVE guidelines was ensured during the approval
process [41].

2.2. Experimental Design

For the purpose of the experiment, young Wistar rats (Rattus norvegicus) were used,
and were 10–14 weeks old, with an average weight of 250–300 g. The rats were bred in the
Research and Experimental Centre of the Papageorgiou General Hospital of Thessaloniki
(license no. EL54BIOsup43), where they were hosted throughout the entire experimental
process. The rats were living in pairs in their cages, with access to standard chaw and water
ad libitum. Room temperature was stable at 22 ◦C and humidity was between 55% and
65%, while the cycle of light (12 h of light and 12 h of darkness) was maintained with an
automatic switch.

Twelve rats received dextran sodium sulfate (DSS) 5% with water ad libitum to induce
acute colitis [42]. The rest of the animals drank water without DSS.

After power analysis, 24 rats were used and were equally assigned randomly to the
following experimental groups. Group A (Op): laparotomy with colonic anastomosis only.
Group B (Op + AdMSCs): laparotomy with colonic anastomosis and local injection of
5 × 106 AdMSCs in 70 μL power buffer saline (PBS) [34,43,44]. Group C (Op + DSS + Sal):
DSS 5%, laparotomy with colonic anastomosis, and local injection of 70 μL power buffer
saline (PBS). Group D (Op + DSS + AdMSC): DSS 5%, laparotomy with colonic anastomosis,
and local injection of 5 × 106 AdMSCs in 70 μL PBS.

All the animals were sacrificed on the 8th post-operative day according to local
euthanasia protocols (CO2 cage).

After euthanasia, all animals were subjected to laparotomy. The abdominal cavity
was then assessed, and a macroscopic complication score was calculated. After careful
dissection, a 2.5 cm specimen was retrieved, and bursting pressure was measured. Finally,
the specimen was split into two pieces, one for hydroxyproline measurement and the other
for real-time PCR to measure IL-6, TNF-a, and VEGF.

2.3. Adipose Tissue-Derived Mesenchymal Stromal Cells

Fat tissue was washed with normal saline after harvesting from the rats’ right inguinal
fold and cut into smaller pieces. Subsequently, it was processed with collagenase type I
(0.5 mg/mL) in 37 ◦C for an hour. After homogenization of the tissue, the mesenchymal
stem cell layer was isolated with centrifuge (2900 rpm, 20 min). Finally, the cell sediment
was diluted in power buffer saline (PBS) to achieve a cellular solution of 5 × 106 cells/mL..
The adipose-derived mesenchymal stromal cells were isolated according to the existing
standardized protocol of the Laboratory of Biochemistry of our department. The AdMSCs
were positive for CD44 and CD90 markers [45]. The primers used are mentioned in
Appendix A Table A2.

2.4. Colitis Protocol

Dextran sodium sulfate (DSS) 5% 40 kPa was used for the induction of acute colitis in
rats (Dextran Sulfate 40 Sodium Salt; AppliChem GmbH, Darmstadt, Germany) [46]. The
chemical was added to the rats’ water, and access to it was allowed ad libitum. The rats
were observed clinically for 7 days. Loss of weight, diarrhea, bloody stool, general decline,
anal inflammation, erected hair, and signs of self-neglect (soiled tails) were indicative
of active colitis in the rats. The above findings were confirmed histologically in control
animals that received DSS, as shown in Figures A1–A3.
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2.5. Operative Procedure

The rats were anesthetized prior to the procedure, with an intraperitoneal administra-
tion of 50 mg/kg ketamine and 5 mg/kg xylazine. Hair removal was performed with a
hair clipper and the abdomen was prepared with povidone iodine solution.

A midline 3 cm laparotomy was performed, and the large bowel was identified on
the left of the abdominal cavity. A transection of the descending colon was performed,
just above the pubic symphysis, taking care to preserve the vascularization. Following
the transection, in group 1 an end-to-end primary anastomosis with a 5/0 polydioxanone
(PDS) suture was performed, with interrupted stitches with the use of a microscope. In
groups B and D, 5 × 106 AdMSCs in 70 μL PBS were injected in the bowel ends prior to
anastomosis; in group C, 70 μL PBS was injected. After the anastomosis was completed,
the bowel was returned to the abdominal cavity, and 10 mL of saline was used to wash the
abdominal cavity. The surgical wound was closed with a 3/0 polyglactine suture, as shown
in Figure A4.

After the operation, the rat was placed in an appropriately heated cage to recover and
was allowed to consume water and food freely.

Seven days after the initial operation, all animals were sacrificed with use of a CO2
cage according to local euthanasia protocols. A midline laparotomy was performed, and
the abdomen was assessed macroscopically. After that, a 2.5 cm segment of the bowel
containing the anastomosis was resected, and bursting strength was measured. Following
the measurement of bursting strength, the specimen was frozen with the use of liquid CO2
and was sent for biochemical measurements (hydroxyproline and real-time PCR).

2.6. Macroscopic Assessment

For the clinical assessment of the anastomosis, the anastomotic complication score was
used, as proposed by Bosmans et al. [47], for the standardization of the clinical description
of the experimental anastomosis outcomes (Table 1).

Table 1. Anastomotic complication score as endorsed by Bosmans et al. Reprinted from [47].

Anastomotic Complication Score

0 No adhesions or abnormalities
1 Adhesion to fat pad, clean anastomosis underneath
2 Adhesion to intestinal loop, abdominal wall or other organ
3 Anastomotic defect found underneath adhesion, no other abnormalities
4 Signs of possible contamination (e.g., small abscesses)
5 Clear anastomotic complication; free pus, obstruction, signs of peritonitis
6 Fecal peritonitis/Death due to peritonitis

2.7. Bursting Pressure

The bursting pressure of the specimen was measured ex-situ, with the device depicted
in Figure A5 of the Appendix A [48,49]. It consisted of a simple manometer, a tube
connected to a three-way canula, and a syringe containing dyed water connected to the
three-way. The specimen was fixed with a purse string to the tube and the free edge was
clamped.

The dyed water was then infused slowly inside the specimen and the procedure was
recorded with a camera to ensure an accurate recording. The pressure under which the
anastomosis burst constituted the bursting pressure and was logged.

2.8. Hydroxyproline

Part of the resected bowel was sent for hydroxyproline measurement. All specimens
were dried in cold air and homogenized before the procedure. A hydroxyproline concen-
tration was estimated with the use of a spectrophotometry with a wavelength of 550 nm,
after preparation with certain solutions (Table A1).
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2.9. Real Time-Polymerase Chain Reaction

For the measurement of inflammatory cytokines (IL-6, TNFa, VEGF), a NucleoSpin
RNA kit (Macherey-Nagel, Düren, Germany) was used according to the manufacturer’s
instructions. For the quantitative measurement of the cytokines, a One-Step qRT PCR kit
(KAPABIOSYSTEMS, Wilmington, MA, USA) was used. The primers used can be found in
Table A2.

2.10. Statistical Analysis

The measured variables were checked for the normality of their distribution by the
Shapiro–Wilk test. Normally distributed continuous variables were expressed by the
arithmetic mean ± standard deviation (mean ± SD), while continuous variables with
a non-parametric distribution were expressed by the median and interquadrant range
(median, IQR). Qualitative variables, categorical or ordinal, were presented as numbers
and percentages per 100. The confidence interval was set at 95% which means that the
differences between the groups were considered statistically significant when p < 0.05. To
compare the independent variables in the two study groups, the Mann–Whitney U test
was used. Non-parametric tests were preferred due to the small sample size. The statistical
analysis of the results was performed using the statistical program Jamovi 1.6.18.0. All of
the descriptive statistics can be found in Appendix B.

3. Results

3.1. AdMSCs Macroscopically Attenuate Intra-Abdominal Complications

Macroscopic evaluations of the abdominal cavities showed less intra-abdominal ad-
hesions, colonic distention, and abscess formation. For groups A (operation only) and B
(operation and AdMSCs), minimal complications were found, mainly adhesions to fat or
other organs; group B, which received the AdMSCs, proved to have significantly less adhe-
sions than group A (p = 0.038). As for the groups with acute inflammation, groups C and
D, small abscesses, colonic dilatation, and other signs of intra-abdominal contamination
were found, but again they were significantly more likely in group C, which did not receive
AdMSCs. Group D had moderate complications compared to group C (p = 0.02); however,
more significant morbidity was found in Group D compared to group B (p = 0.008). These
results are illustrated in Figure 1 and Table A3.

Figure 1. Macroscopic evaluation. Comparisons: A vs. B: p = 0.038, C vs. D: p = 0.02, B vs. D: p = 0.008.

3.2. Bursting Strength Is Significantly Higher in Groups with AdMSC

It seems that the groups that received AdMSCs (B and D) had a relatively higher
bursting strength than their counterparts. The mean bursting pressures are lower in groups
with inflammation, but the mean pressures are significantly higher in groups that received
AdMSCs compared to those that did not. Also, it appears that the AdMSCs applied to the
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anastomosis which was subjected to a surgical strike had a significantly higher bursting
pressure (p = 0.037) (Figure 2, Table A4).

Figure 2. Bursting strength. Comparisons: A vs. B: p = 0.037, C vs. D: p = 0.03, B vs. D: p = 0.008.

3.3. Anastomoses with AdMSCs Had More Collagen Deposition

Enhanced anastomotic healing was found in anastomoses with AdMSCs, as indicated
by higher mean hydroxyproline concentrations. The highest mean hydroxyproline con-
centration was found in Group B, which was significantly higher compared to Group A
(p = 0.041). Inflammation reduced the collagen deposition in the anastomosis, and therefore
hindered healing, but the AdMSCs reverse this effect, as shown from the comparison of
groups C and D (p = 0.004) (Figure 3, Table A5).

Figure 3. Hydroxyproline. Comparisons: A vs. B: p = 0.041, C vs. D: p = 0.004, B vs. D: p = 0.002.

3.4. Pro-Inflammatory Cytokine Expression Is Downregulated in Groups That Received AdMSC

The mRNAs of TNF-a and IL-6 were over-expressed in the groups that received DSS;
it seems that the AdMSCs helped to downregulate the expression of these genes in the
groups in which it was administered. Even in group B, the pro-inflammatory cytokines
were significantly reduced compared to the control (Group A). These results are illustrated
in Figures 4 and 5 and Tables A6 and A7.
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Figure 4. IL-6. Comparisons: A vs. B: p = 0.009, C vs. D: p = 0.065, B vs. D: p = 0.002.

Figure 5. TNF-a. Comparisons: A vs. B: p = 0.002, C vs. D: p = 0.026, B vs. D: p = 0.004.

3.5. No Difference in Neo-Vascularization of the Anastomosis

With regards to neo-vascularization, we failed to see any significant differences be-
tween the groups. Although the mean values of VEGF were slightly higher in groups that
received AdMSCs, there was no statistically significant difference between the respective
groups. There was also a lower mean VEGF in group D compared to group B; therefore, the
mean VEGF expression was lower in the group with acutely inflamed bowels, as shown in
Figure 6 and Table A8.

Figure 6. VEGF. Comparisons: A vs. B: p = 0.18, C vs. D: p = 0.065, B vs. D: p = 0.31.
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4. Discussion

This study demonstrates that AdMSCs can be administered to colorectal anastomoses
and attenuate inflammation. We showed that in the groups that received AdMSCs, burst-
ing pressure was higher, local pro-inflammatory markers were not overexpressed, and
anastomotic healing was enhanced, as shown by higher hydroxyproline levels.

The fact that inflammation impedes anastomotic healing is already a well-known fact
in surgical practice, and is once again proved in our study, given that morbidity was higher
in groups with acute inflammation. AdMSC administration reduced anastomotic-related
morbidity, as shown by the macroscopic evaluation score, and by the lower rate of abscess
formation, anastomotic dehiscence, and fecal peritonitis. There were no rat deaths in the
groups that received AdMSCs, and there were fewer adhesions than the groups that did not
receive AdMSCs. The low morbidity in groups that received AdMSCs has been found in
similar research projects [39,40,50]. Yoo et al. reported significantly lower rates of infectious
complications, strictures, and ulceration, but failed to show any significant difference in
anastomotic leaks and adhesions in their ischemic anastomosis model [38].

Bursting strength was measured to be the highest in the groups that received AdMSCs
in comparison to the groups that did not. Inflammation reduced the bursting strength of
the anastomosis despite the administration of AdMSCs in group D, but bursting pressures
were significantly higher compared to group C. Overall, the highest mean anastomotic
pressure (mean, 307) was found in group B without the inflammation, with administration
of AdMSCs [36–38]. In our study, the pressure measurements were measured ex-vivo so
that inevitable local adhesions did not interfere with the bursting pressure and so we could
gain a more objective appreciation of the anastomosis quality [35].

Hydroxyproline levels are a good marker of collagen accumulation in the anasto-
mosis, but, in our view, its use as a marker of the quality of the anastomosis is over-
simplified, because as far as we know, the anastomosis undergoes remodeling, which
is mediated by cytokines like TGF-β, which induces the differentiation of fibroblasts to
myofibroblasts [40,51,52]. In the remodeling phase, immature type III collagen is substi-
tuted by the more mature type I, which makes the anastomosis more durable [53]. Since
our sampling takes place on the 8th post-operative day, we would argue that this period co-
incides with the proliferative phase of healing, during which we would expect an increased
deposition of collagen in the anastomosis, which was demonstrated. Collagen was found
to be higher in the groups that received AdMSCs [36–38].

Pro-inflammatory cytokines TNF-a and IL-6 were found to be significantly reduced in
the groups that received AdMSCs and were following the same pattern as pro-inflammatory
cytokines. We know that both these cytokines play an integral role in haemostasis/the
inflammatory phase of anastomotic healing and are produced by M1 macrophages [54–57].
One of the mechanisms of action of AdMSCs is believed to be polarization of the M1
macrophage phenotype to the M2 type, which is believed to attenuate inflammation [34].
The M2 phenotype pro-inflammatory cytokines are downregulated and the cytokines
involved in fibroblast proliferation and differentiation are increased. Gonzalez et al. ad-
ministered AdMSCs to rats with colitis and sepsis. They have shown that AdMSCs had an
anti-inflammatory effect by decreasing TNFa, IL6, and other proinflammatory cytokines,
as well as increasing the expression of IL-10, thus downregulating the Th1 mediated
inflammatory response, which is similar both in DSS colitis and Crohn’s disease [58].

Another important component of granulomatous tissue formation in anastomoses is
neo-vascularization, which plays a very important role in anastomosis viability. This is
induced by the increased secretion of the vascular endothelial factor (VEGF). In studies
with models of ischemic colitis, the VEGF was increased in groups that received bone
marrow derived MSCs (BmMCSs) [36,37,59]. Similar results have been produced by Van de
Putte et al. using their radiation-induced colitis protocol [34]. To our knowledge, our study
is the first to investigate VEGF expression using an experimental colitis model. It is shown
that VEGF expression tends to be increased in all groups compared to the control, but there
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is no significant difference between the groups. This could be a result of the sampling
timing occurring early in the healing process.

Although mesenchymal cells have already been used in clinical trials with good results,
we are still at a quite premature stage of understanding the complex mechanisms by which
they work, react with other cells, and regulate inflammation. It is still too early to interpret
these results in humans, as the standardization of experimental procedures, and more
in-vivo and in-vitro experiments are needed. Most of the protocols are designed on the
assumption of an ischemic rather than inflamed anastomosis; therefore, more experiments
are needed with this type of high-risk anastomosis. There is still no universal agreement
on the concentrations of cells that are sufficient to augment anastomotic healing; more
experiments on this subject need to be performed in the future.

Our findings are in agreement with studies that have shown that administration on
site can help the properties of AdMSCs work in a paracrine way on the organ target. Van
de Putte et al. have shown that the local accumulation of MSCs was not significant at the
side of the anastomosis weeks after the administration of therapy; therefore, it is specu-
lated that the therapeutic properties in the indigenous cells are mediated by molecules
excreted by MSCs [34]. Pascual et al. used sutures coated with MSCs and showed that
the cells were homogenously distributed in the anastomoses and resulted in more durable
anastomoses with fewer local adhesions [35]. Adas et al. conducted similar studies by
administering MSC therapy both systemically and locally. They found that locally trans-
planted MSCs resulted in accelerated healing and attenuated inflammation for ischemic
bowel anastomoses, whereas there was no improvement in inflammation when MSCs
were administered systemically [36,37]. Alvarenga et al. and Castelo-Branco et al. have
similarly shown that the systemic administration of MSCs failed to reach the organ target
and attenuate inflammation, as compared to the intraperitoneal administration of MSCs.
In their latest work, they instilled MSCs locally, which resulted in the attenuation of the
inflammation by the downregulation of proinflammatory cytokines, the upregulation of
anti-inflammatory cytokines, and a decrease in the expression of metalloproteases [40,60].
Lee et al. have reported that intravenously injected MSCs were found to be trapped in
the lungs [61]. Also, Yu et al. have reported no therapeutic effect when they injected the
secretome of MSCs intravenously, as compared to applying the therapy locally with the
use of fibrin glue as a medium [62].

In terms of administration, we have found that directly administering MSCs on the
anastomosis site worked in producing these results. This is in agreement with studies that
have shown that the administration of AdMSCs on the site of the anastomosis can help
the properties of the AdMSCs work in a paracrine way on the organ target [34–36,40,50].
Most of the related studies agree that by using a parenteral administration method, MSCs
hardly ever reach the organ target [34,62]. Further studies are needed to reveal whether
mesenchymal cell properties can be amplified by using a different medium of application.
Yu et al. have proposed a novel cell free therapy by using fibrin glue as a medium.
They have demonstrated that it is possible to deliver the healing properties of MSCs by
administering their secretome with fibrin glue, enabling the slow release of healing and
growth factors for up to 10 days in rats with ischemic anastomoses [62].

This study proves that AdMSC therapy is feasible and promising and could potentially
be translated into human studies in the future; however, there is still more work to be done,
as biological responses can vary between different species. There are still unanswered
questions regarding the minimal dosage of MSCs that will have the optimal effect in the
healing of anastomoses, as well as whether there are agents or mediums of application
that could enhance the therapeutic properties of MSCs. One of the potential drawbacks of
MSC therapy could be the hyperexcretion of growth factors that could theoretically lead to
carcinogenesis. After proving that MSCs are effective at attenuating inflammation, the next
step would be to prove their safety, before applying the treatment in human trials.

Key to the therapeutic properties of AdMSCs is the secretome by which they seem
to regulate inflammation as well as enhance the healing properties of the cells; this might

95



J. Clin. Med. 2023, 12, 6336

indicate future experimental directions. As indicated by the studies of Park et al. and Yu
et al., using AdMSC secretome could be a way of using the properties of MSCs without
using the actual cells [62,63]. More studies with secretome could potentially lead us to
identify the molecule or the group of molecules produced by MSCs which have similar
anti-inflammatory and regenerative properties as the cell culture of MSCs.

Nevertheless, regardless of the future findings and possible implementations in daily
practice, MSC experiments help us to better understand and gain new insights into how
anastomotic healing works.

5. Conclusions

In this study, we investigated the potential of adipose tissue-derived mesenchymal
stromal cells (AdMSCs) for mitigating complications associated with high-risk anastomoses,
particularly in the presence of acute intestinal inflammation. The results obtained reveal
several significant outcomes. The administration of AdMSCs led to a notable reduction in
intra-abdominal complications, including adhesions to fat and other organs, and signifi-
cantly increased the bursting strength of anastomoses. Furthermore, AdMSCs promoted
enhanced collagen deposition, which is indicative of enhanced healing in the early stages of
the healing procedure, and downregulated the pro-inflammatory cytokines TNF-a and IL-6.
Although AdMSCs had a potential positive effect on neo-vascularization, this difference
was not statistically significant. These findings collectively support the clinical potential of
AdMSCs in improving surgical outcomes and reducing inflammation in procedures with
high-risk anastomoses, warranting further research and clinical investigation.

Author Contributions: Conceptualization, M.-G.P. and G.N.; methodology, G.N., M.-G.P., G.K., C.B.,
and A.C.; validation, S.S. and S.B.; formal analysis, G.N. and P.C.; investigation, G.N, S.B., S.S.,
M.K., C.B., A.T. and A.C.; resources, G.N.; data curation, G.N.; writing—original draft preparation,
G.N.; writing—review and editing, M.-G.P. and O.I.; visualization, P.C.; supervision, M.P, G.K., and
S.A.; project administration, S.A. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Review Board (or Ethics Committee) of Aristotle University of Thessaloniki (protocol code
#810556(3269) 07/02/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available to any qualified researchers upon request to
gntampak@auth.gr.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Solutions used for Hydroxyproline measurements.

# Solution

1 Citric acid buffer pH = 6.5
2 50% k-propanol
3 Chloramine-T, 0.056 M
4 NaOH 10.125 N
5 Ehrlich 1 M reagent
6 Acetic acid 0.5N
7 Collagen standard solution 1 mg/mL
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Table A2. Primers for RT-PCR.

Ascending Primer (5′–3′) Descending Primer (5′–3′)

TNF-a TACTGAACTTCGG
GGTGATCGGTCC

CAGCCTTGTCCCT
TGAAGAGAACC

IL-6 CAAGAGACTT
CCAGCCAGTTG

TTGCCGAGTAGAC
CTCATAGTGACC

VEGF CGCCTTGGCT
TGTCACATC

GTCGGAGAGC
AACGTCACTA

GAPDH ACCACAGTC
CATGCCATCAC

TCCACCACC
CTGTTGCTGTA

Figure A1. The first figure depicts the rat prior to DSS administration. The rest show their state after
induction of colitis. Weight loss, hair erection, decreased mobility, and signs of neglected self-hygiene
are noted.

Figure A2. Mucous diarrhea, edematous anal mucosa, and blood in the stool after DSS administration.
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Figure A3. Histological confirmation of DSS colitis. H&E colon sections. ((A): ×100/scale bar 100 μm,
(B): ×400/scale bar 20 μm, (C): ×200/scale bar 50 μm, (D): ×100/scale bar 100 μm). Figure A3
(A–C): Ulceration of the mucosa, inflammatory infiltration of mucosa, and submucosa from neu-
trophils. Obliteration of crypts and cryptic glands, as well as goblet cells. Loss of villous height.
(D): Enlarged submucosal lymph nodes.

Figure A4. Anastomosis creation under the microscope.
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Figure A5. Device for measuring anastomotic bursting strength.

Appendix B

Table A3. Macroscopic evaluation.

Groups Mean Median SD Min Max

A Op 2.33 2 0.516 2 3
B Op + AdMSC 1.50 1.5 0.548 1 2
C Op + DSS + Sal 4.50 4 0.837 4 6
D Op + DSS + AdMSC 3.17 3 0.753 2 4

Table A4. Bursting strength.

Groups Mean Median SD Min Max

A Op 243 240 28.0 210 280
B Op + AdMSC 307 295 58.9 240 410
C Op + DSS + Sal 165 165 18.7 140 190
D Op + DSS + AdMSC 215 225 33.9 170 260

Table A5. Hydroxyproline.

Groups Mean Median SD Min Max

A Op 1694 1692 103 1568 1813
B Op + AdMSC 1964 1967 186 1751 2210
C Op + DSS + Sal 1208 1212 120 1074 1383
D Op + DSS + AdMSC 1555 1609 155 1313 1715

Table A6. IL-6.

Groups Mean Median SD Min Max

A Op 7.60 7.63 0.831 6.55 8.77
B Op + AdMSC 6.20 6.34 0.626 5.36 7.08
C Op + DSS + Sal 9.61 9.59 0.925 8.59 10.73
D Op + DSS + AdMSC 8.33 8.45 0.919 7.11 9.30
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Table A7. TNF-a.

Groups Mean Median SD Min Max

A Op 4.56 4.56 0.126 4.36 4.71
B Op + AdMSC 3.49 3.45 0.485 3.03 4.23
C Op + DSS + Sal 5.59 5.60 0.381 5.13 6.03
D Op + DSS + AdMSC 4.77 4.63 0.584 4.21 5.67

Table A8. VEGF.

Groups Mean Median SD Min Max

A Op 5.45 5.63 1.67 3.30 7.72
B Op + AdMSC 8.28 8.76 3.91 2.22 12.52
C Op + DSS + Sal 8.94 8.89 2.62 5.30 12.79
D Op + DSS + AdMSC 6.10 6.14 2.03 3.84 9.54
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Abstract: The prediction of severity in acute calculous cholecystitis (AC) is important in therapeutic
management to ensure an early recovery and prevent adverse postoperative events. We analyzed
the value of the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and
systemic inflammatory index (SII) to predict advanced inflammation, the risk for conversion, and
postoperative complications in AC. Advanced AC was considered the cases with empyema, gangrene,
perforation of the gallbladder, abscesses, or difficulties in achieving the critical view of safety. A
3-year retrospective was performed on 235 patients admitted in emergency care for AC. The NLR was
superior to the PLR and SII in predicting advanced inflammation and risk for conversion. The best
predictive value was found to be at an NLR “cut-off” value of >4.19, with a sensitivity of 85.5% and a
specificity of 66.9% (AUC = 0.824). The NLR, SII, and TG 13/18 correlate well with postoperative
complications of Clavien–Dindo grade IV (p < 0.001 for all variables) and sepsis. For predicting
early postoperative sepsis, TG 13/18 grading >2 and NLR > 8.54 show the best predicting power
(AUC = 0.931; AUC = 0.888, respectively), although not significantly higher than that of the PLR and
SII. The NLR is a useful biomarker in assessing the severity of inflammation in AC. The SII and PLR
may be useful in the prediction of systemic inflammatory response.

Keywords: acute cholecystitis; systemic inflammatory biomarkers; NLR; PLR; SII; postoperative outcome

1. Introduction

Acute calculous cholecystitis (ACC) is a common cause of abdominal pain in emergen-
cies. In a multicentric study designed by the World Society of Emergency Surgery in 2015,
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ACC ranked as the second cause of complicated intra-abdominal infections, accounting
for 18.5% of the total number of cases [1,2]. Early laparoscopic cholecystectomy (LC) is
the gold standard in the current therapeutical approach, with favorable outcomes in most
cases. However, recent studies found a 0.1–1% mortality risk and a 6–9% risk of major
complications [3], such as main common bile duct lesions, myocardial infarction, and
pulmonary complications, and this risk is highly increased in emergency LC performed in
cases with severe inflammation. A recent study by Lucocq et al. [4] found that 36.7% of
LCs performed in emergency had a non-standard outcome, including conversion, subtotal
cholecystectomy, bile leak, and prolonged postoperative stay [4]. Most of these cases were
related to the severity of local inflammation, intraoperative findings showing gangrenous
cholecystitis, empyema, perforation of the gallbladder, and difficult dissection of the Calot
Triangle, all these conditions being generally referred to as advanced acute cholecystitis [5]
or severe cholecystitis [6,7] by different authors. Preoperative identification of these cases
is important to optimize the therapeutic approach and improve the clinical outcome [5].

Currently, the role of different biomarkers with predictive value in acute cholecystitis
is still a subject of research. TG13/18 guidelines propose a grading scale for evaluating
local inflammation and its systemic involvement based on clinical evaluation, leukocytes,
and CRP as well as the presence or not of the alterations of the vital functions related to the
septic process [8,9].

However, a systematic review of Tufo et al. [3] found that while grade III TG 13/18 may be
associated with higher mortality when compared with grade I, there is no consensus regarding
the preoperatory predictive risk evaluation in patients with acute calculous cholecystitis.

Several studies found CRP to be a good predictive factor for conversion; however,
the cut-off values varied widely from 76 mg/L to 220 mg/L [5,10–13]. Together with
the valuable findings provided by ultrasound and CT exam, specific biomarkers were
analyzed for the possible predictive role for the severity of local inflammation, such as the
YKL-40 protein level [14], serum level of visfatin [15], procalcitonin [16], human neutrophil
lipocalin [17], chitotriosidase, and neopterin [18]. However, their availability in emergencies
is limited in many surgical departments.

Recently, the systemic inflammatory biomarkers, neutrophil-to-lymphocyte ratio
(NLR) and platelet-to-lymphocyte ratio (PLR), were investigated for their predictive value
in many inflammatory and septic conditions [18–22], such as septic shock, diabetic foot
ulcer, acute appendicitis, and spontaneous bacterial peritonitis. They are cheap and inex-
pensive biomarkers, easy to calculate based on the complete blood count (CBC). Several
studies found a good correlation between the NLR and PLR and the severity of inflamma-
tion in acute calculous cholecystitis as well as the length of postoperative stay. However,
there is still conflicting evidence regarding the clinical significance of these biomarkers and
their cut-off value that could be used in therapeutic management.

In the present study, we aimed to analyze the value of the NLR, PLR, and SII in
predicting severe forms of acute cholecystitis, conversion to open surgery, and adverse
postoperative outcomes.

2. Materials and Methods

2.1. Patient Selection

A 3-year retrospective study was carried out between January 2020 and December
2022 on the patients admitted for acute cholecystitis in the 4th Department of Surgery,
Emergency University Hospital Bucharest. Data were collected from electronic patient
records and operatory protocols. All patients admitted in emergency care, aged over
18 years, for whom the diagnosis of acute cholecystitis could be confirmed based on intra-
operative findings were included in the statistical analysis. Along with local and systemic
inflammatory signs, ultrasonography and/or abdominal CT were used to document the
presence of calculi, the thickness of the gallbladder walls, common biliary duct (CBD)
diameter, and the potential signs of pericholecystitis. For all patients, age, associated
comorbidities, time elapsed from the onset of symptoms to presentation, and clinical signs
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were assessed at admission. Biological tests at admission included a complete blood count
with differentials of fibrinogen, bilirubin, hepatic transaminases, INR, urea, and creatinine.
Systemic inflammatory biomarkers were calculated based on the counts for neutrophils,
platelets, and neutrophils measured from the same sample and expressed as their value
in cells/L. SII was calculated using the formula SII = P × N/L, where P, N, and L are the
counts of platelets, neutrophils, and lymphocytes, respectively [23].

C-reactive protein (CRP) was not available in an emergency in our hospital but was
determined the next day, in cases in which surgical intervention was postponed due to
local or general conditions. For this reason, CRP was not included in the statistical analysis.

Patients with associated malignancies as well as hematological and autoimmune
diseases were excluded due to their previously documented impact on the blood cells and
derivate systemic inflammatory indices.

2.2. Study Design

The patients included in the study were classified according to the intraoperative
findings into mild and advanced acute cholecystitis, according to the intensity of local
inflammation. Advanced forms were considered the cases with empyema, gangrene,
perforation of the gallbladder, abscesses, adhesions, or difficulty in dissecting Calot’s
triangle, likely to be associated with increased operative difficulty [9,24].

The patients were classified according to TG 13/TG18 Tokyo guidelines for acute
cholecystitis as grade I (mild) acute cholecystitis, grade II (moderate), and grade III (severe)
if associated with organ dysfunction [9]. Systemic inflammatory biomarkers NLR, PLR, and
SII were calculated based on the complete blood cell count at admission. The prediction
values of TG 13/TG 18 severity grading, NLR, PLR, and SII were analyzed for advanced
AC, postoperative complications, and hospital stay.

2.3. Statistical Analysis

Microsoft Excel and Med Calc® Statistical Software (version 22.006 Med Calc Software
Ltd., Ostend, Belgium; https://www.medcalc.org; accessed on 10 August 2023) were used
for data analysis. Pearson’s Chi-squared test was used to evaluate the association between
discrete variables, while ANOVA was used for continuous variables. For the statistically
significant results, a post hoc analysis was performed to establish the differences within
groups by using the Scheffe test for all pairwise comparisons.

The specificity and sensitivity of NLR, PLR, and SII in predicting the severity of inflam-
mation, and local and systemic complications were analyzed by ROC curves. According to
the widely accepted classification scale described by Safari et al. [25], the AUC values were
categorized as 90–100 = excellent; 80–90 = good; 70–80 = fair; 60–70 = poor; and 50–60 = fail.

3. Results

3.1. General Data of the Patients Included in the Study Group

A total of 235 patients with acute cholecystitis were included in the study, with a mean
age of 54.6 ± 16.3. Most of the cases were mild (70.6%) and of female patients (71.4%). In
the advanced AC group, the mean age was significantly higher (61 ± 15.6 vs. 52 ± 15.9,
<0.001), and there were significantly more male patients (p = 0.008) when compared to mild
cases (Table 1).

Most patients included in the study group presented with two or more comorbidities.
The subjects included in the advanced AC group had significantly more comorbidities
than those admitted with mild AC (p < 0.001). Older age (p < 0.001), obesity (p = 0.047),
diabetes (p = 0.001), ischemic cardiac disease (p = 0.01), chronic hepatic diseases (p = 0.02),
and cardiac failure/shock at admission (p = 0.01) were correlated with advanced AC in the
study group. According to the ASA risk scale, most patients were graded as grade II or III
in both groups. However, there was an upward trend of distribution towards higher grades
in the advanced AC group, confirmed by the linear-by-linear association test (p = 0.0003).
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A similar upward trend was observed for the TG 13/18 severity scale, with more grade II
and III cases in the advanced AC group (<0.0001).

Table 1. General data of the patients included in the study group.

Parameter Total Mild AC Advanced AC p Value

No. of patients 235 166 (70.6%) 69 (29.4%)

Females 168 (71.4%) 127 (76.5%) 41 (59.4%) 0.008 1

Age 54.6 ± 16.3 52 ± 15.9 61 ± 15.6 <0.001 1

Comorbidities (No.):
Obesity

Arterial hypertension
Cardiac ischemic disease
Chronic hepatic diseases

Chronic respiratory diseases
Chronic renal diseases
Cardiac failure/shock

Diabetes
Others

2 ± 1.4 1.8 ± 1.3 2.6 ± 1.6 <0.001 2

116 (49.4%) 75 (45.1%) 41 (59.4%) 0.047 2

107 (45.5%) 57 (53.3%) 50 (46.7%) 0.093 2

28 (11.9%) 14 (8.4%) 14 (20.2%) 0.01 2

67 (28.5%) 40 (24%) 27 (39.1%) 0.02 2

31 (13.2%) 18 (10.8%) 13 (18.8%) 0.099 2

39 (16.6%) 25 (15%) 14 (20.2%) 0.327 2

11 (4.7%) 4 (2.4%) 7 (10.1%) 0.01 2

32 (13.6%) 15 (9%) 17 (24.6%) 0.001 2

84 (35.7%) 62 (37.3%) 22 (31.8%) 0.426 2

ASA PS risk scale
I
II
III
IV
V

0.008 2

(0.0003 3 for trend)

16 (6.8%) 14 (8.4%) 2 (2.8%)
124 (52.8%) 96 (57.8%) 28 (40.5%)
78 (33.2%) 48 (28.9%) 30 (43.4%)
16 (6.8%) 8 (4.8%) 8 (11.5%)
1 (0.4%) 0 1 (1.4%)

TG 13/18 severity grading
I
II
III

<0.0001 2 (<0.0001 3 for
trend)

145 (61.7%) 121 (72.9%) 24 (37.4%)
73 (31.1%) 40 (24%) 33 (47.8%)
17 (7.2%) 5 (3%) 12 (17.4%)

Angiocholitis/CBD stones 18 (7.6%) 7 (4.2%) 11 (15.9%) 0.013 2

Leukocytes (/μL) 10,441 ± 4895.3 9187.6 ± 3787.4 13,456.2 ± 5882 <0.0001 1

Neutrophils (/μL) 7796 ± 4867.5 6413.4 ± 3728.6 11,124.9 ± 5646.6 0.001 1

Platelets (/μL) 239,767.1 ± 82,016.7 245,341.4 ± 77,532.9 226,356.5 ± 91,122 0.053 1

Fibrinogen (mg/dL) 450.1 ± 186.2 389.1 ± 119.1 596.8 ± 232.3 <0.001 1

INR 1.3 ± 1.1 1.2 ± 0.9 1.3 ± 1.2 0.327 1

Bilirubin 1.3 ± 2.0 0.95 ± 1.1 2.3 ± 3.1 <0.001 1

AST 68.9 ± 116 63.2 ± 116.2 125 ± 297.1 0.063 1

ALT 107.4 ± 165.9 85.8 ± 136.9 120 ± 179 0.056 1

Creatinine 1.3 ± 0.5 1.2 ± 0.3 1.5 ± 1.4 0.341 1

NLR 7.29 ± 12.2 4.3 ± 5.2 14.3 ± 19.4 <0.001 1

PLR 181.2 ± 229.4 143.8 ± 68.7 273.5 ± 397 <0.001 1

SII 1701.6 ± 3416.4 1009.5 ± 993.8 3366.8 ± 5812.4 <0.001 1

Footnote: 1 ANOVA; 2 Chi-squared test; 3 test of linear-by-linear association; ASA PS: American Society of Anes-
thesiologists Physical Status Classification; TG13/18: Tokyo Guidelines classification risk; AST: aspartate amino-
transferase; ALT: Alanyl aminotransferase; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte
ratio; SII: systemic inflammatory index.

Statistical analysis showed significantly higher values for leukocytes (p < 0.0001),
neutrophils (p = 0.001), the NLR (p < 0.001), the PLR (p < 0.001), the SII (p < 0.001), fibrinogen
(p < 0.001), and bilirubin (p < 0.001) with no significant difference for platelets, INR,
transaminases, and creatinine levels.
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3.2. Comparative Analysis of NLR, PLR, and SII Values with TG 13/18 Grading in the
Study Group

Furthermore, we investigated how the TG13/18 severity grading scale for AC corre-
lates with the values of NLR, PLR, and SII by using the Chi-squared test and Scheffe test
for pairwise comparison. The statistical analysis found a significant positive correlation
in all cases, with the mean values of the investigated systemic inflammatory biomarkers
rising from the grade I to grade III groups. However, there are differences in the Scheffe
test results, which may suggest that each of the biomarkers characterizes specific changes
in the inflammation process (Table 2).

Table 2. Correlations between NLR, PLR, and SII with TG 13/18 grading in the study group.

TG13/18 Grade I (1) TG13/18 Grade II (2) TG13/18 Grade III (3)
p Value

(Chi-Squared Test)
Scheffe Test for Pairwise

Comparison

NLR 3.6 ± 3 11.7 ± 14.6 18.8 ± 28 <0.001 (1) differs from (2) and (3)

PLR 147.8 ± 80.3 191.2 ± 123.6 432.1 ± 752 <0.001 (1) and (2) differ from (3)

SII 879.9 ± 726.5 2393.6 ± 2477 5738.6 ± 10,617 <0.001
Each group differs

significantly
from the others.

While the NLR is an early inflammatory biomarker, which significantly raises between
mild and moderate forms, the PLR seems to be significantly elevated in advanced stages,
when local inflammation of the gallbladder and surrounding tissues reaches systemic
involvement. SII values, combining in their formula both the number of neutrophils and
platelets, discriminate best among the three stages defined by the TG 13/18 scale.

3.3. Prediction Value of NLR, PLR, SII, and TG 13/18 Grading Scale for Advanced
Acute Cholecystitis

The sensitivity and specificity of the NLR, PLR, SII, total leukocytes, and TG 13/18
grading scale for predicting advanced forms of AC were analyzed by the ROC curves
(Figure 1).

Figure 1. Comparative ROC curves for NLR, PLR, SII, TG13/18, and total leukocytes in predicting
advanced AC.

Only the NLR showed a good predictive value (AUC = 0.824). The pairwise compari-
son of ROC curves for predicting advanced AC found that the predictive value of the NLR
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was significantly superior to that of the SII (p = 0.0065), PLR (p < 0.0001), total leukocytes
(p = 0.0103), and TG 13/18 grading (p = 0.0006). The best predictive value was found to be
at a cut-off value of >4.19, with a sensitivity of 85.5% and a specificity of 66.9% (Table 3).

Table 3. Sensitivity and specificity at the “cut-off” value predicting advanced forms.

Sensitivity Specificity
Cut-Off
Value

AUC p

NLR 85.5 66.9 >4.19 0.824 <0.001
PLR 49.3 83.1 >189.3 0.679 <0.001
SII 63.8 80.7 >1442.4 0.787 <0.001

TG13/18 65.22 72.8 >1(mild) 0.704 <0.001
Leukocytes 60.87 75.9 >11,300 0.741 <0.001

3.4. Surgical Approach and Postoperative Outcomes

Laparoscopic cholecystectomy was the most common procedure in both groups. How-
ever, the number of cases that required conversion, open surgical procedures, Kehr drainage,
or perioperative ERCP was significantly higher in the advanced AC group (Table 4).

Table 4. Surgical treatment and outcomes.

Total
(n = 235)

Mild AC (n = 166) Advanced AC (n = 69) p Value

Types of surgery:
LC

LC-conversion
CC

Cholecystostomy

<0.0001 1 (<0.0001 2 for
trend)

208 (88.6%) 162 (97.6%) 46 (66.6%)
16 (6.8%) 1 (0.6%) 15 (21.7%)
10 (4.2%) 3 (1.8%) 7 (10.2%)
1 (0.4%) 0 1 (1.5%)

Kehr drainage 5 (2.1%) 1 (0.6%) 4 (5.8%) 0.012 1

ERCP + calculi removal
(pre or postop) 17 (7.2%) 7 (4.2%) 10 (14.5%) 0.005 1

Postoperative hospital stay
(days) 3.6 ± 3.4 2.9 ± 2.8 5.1 ± 4 <0.001 3

Length of stay (days) 7.1 ± 4.5 6.1 ± 3.9 9.3 ± 5.2 <0.001 3

Footnote: LC = laparoscopic cholecystectomy; CC = classic (open) cholecystectomy; ERCP = endoscopic retrograde
cholecysto-pancreatography; 1—Chi-squared test; 2—Scheffe test for pairwise comparison; 3—ANOVA.

The reason for conversion to open surgery in the mild AC group was the unclear
anatomy of the Calot triangle due to extensive fibrosis. In the advanced AC group, most
cases were converted due to a friable hemorrhagic gangrenous gallbladder wall (five cases)
and the impossibility of achieving the critical view of safety (CVS) due to inflammation
and adherences (six cases). Other causes of conversion included biliary fistula (one case),
Mirizzi Syndrome (one case), biliary peritonitis due to a perforated gallbladder abscess
(one case), and a pericholecystic abscess (one case).

Open surgery as the first choice was mainly dictated by the general status and asso-
ciated comorbidities in patients graded as ASA IV or V (seven cases, including the three
cases in the mild AC group), for whom the laparoscopic approach was not considered
safe to be performed by the intensive care team. In three cases, the decision was made
based on the clinical and imagistic data: pseudo-tumoral pericholecystic mass (one case)
and gallbladder abscess (two cases). There was one case treated by cholecystostoma, an
85-year-old patient with piocholecystitis and septic shock at admission, who died 3 days
after surgery in the intensive care unit due to sepsis and acute limb ischemia.

In the study group, there were 16 patients who were COVID-19-positive at the moment
of admission. Out of these, 14 were treated safely by laparoscopic cholecystectomy, after
all the required safety measures were taken to prevent the contamination of the operatory

108



J. Clin. Med. 2023, 12, 6946

team. In the remaining cases, open surgery was performed due to associated septic shock
(one case) and COVID-19 severe pneumonia (one case).

Furthermore, we analyzed the postoperative complications encountered in the study
group, registered after Clavien–Dindo classification (Table 5).

Table 5. Postoperative complications according to Clavien–Dindo Classification.

Total
(n = 235)

Mild AC
(n = 166)

Advanced AC
(n = 69)

p-Value *

I (surgical site infections) 4 (1.7%) 1 (0.6%) 3 (4.3%) 0.043

II (requiring pharmacological treatment)
surgical-related complications, treated

conservatory
Nosocomial infections

11 (4.6%) 5 (3%) 6 (8.6%) 0.064

15 (6.4%) 6 (3.6%) 9 (13%) 0.007

III (surgical-related complications
requiring endoscopic/surgical/

Rx approach)
2 (0.8%) 1 (0.6%) 1 (1.4%) 1.00

IV (general complications requiring
intensive care)

Malign hypertension
Hemodynamic instability

Sepsis
Pulmonary edema/pleurisy

16 (6.8%) 4 (2.4%) 12 (17.3%) 0.002

4 (1.7%) 1 (0.6%) 3 (4.3%) 0.043
1 (0.4%) 0 1 (1.4%) 0.12
8 (3.4%) 2 (1.2%) 6 (8.6%) 0.004
3 (1.3%) 1 (0.6%) 2 (2.8%) 0.15

V (deceased) 5 (2.1%) 2 (1.2%) 3 (4.3%) 0.129

Footnote: * p-value was calculated by Chi-squared test.

Statistically significant differences observed between the mild and advanced AC
groups for surgical site infections (p = 0.043) and nosocomial infections (p = 0.007) could
be correlated with higher numbers of open surgeries and conversions, as well as with
increased hospital stays in the advanced AC group. General complications requiring
intensive care were more frequent in the advanced AC group (p = 0.002), including sepsis
(p = 0.004) and postoperative malign hypertension (p = 0.043).

3.5. Correlations between Inflammatory Parameters and Types of Surgery in the Study Group

NLR and TG13/18 grading correlated well with the type of surgery performed
(p = 0.001; and p < 0.0001, respectively), while the PLR and SII mean values were higher in
the conversion and open surgery groups but not statistically significant (Table 6).

Table 6. Correlations between the types of surgery and NLR, PLR, SII, and TG13/18 in the
study group.

LC (1) LC-Conversion (2)
CC/Cholecystostomy

(3)
p-Value

Scheffe Test for
Pairwise

Comparison

NLR 6.2 ± 11.8 12.1 ± 7 20.2 ± 17.3 0.001 1 (1) differs from (3)

PLR 178.5 ± 241.9 182 ± 82.7 248.1 ± 73.4 0.823 1 NS

SII 1583.8 ± 3572.4 2323.2 ± 1474.2 3014.5 ± 1779.5 0.49 1 NS

TG 13/18 grading

<0.0001 2
Each group differs
significantly from

the others

I 139 (66.9%) 4 (25%) 2 (18.2%)
II 58 (27.9%) 10 (62.5%) 5 (45.4%)
III 11 (5.2%) 2 (12.5%) 4 (36.4%)

1 ANOVA; 2 Chi-squared test; NS: not significant.
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The predictive value for conversion for the NLR, PLR, SII, TG 13/18, and total leuko-
cytes was analyzed by ROC curves (Figure 2).

Figure 2. Comparative ROC curves for NLR, PLR, SII, TG13/18, and total leukocytes in predicting
conversion to open cholecystectomy.

Out of the studied parameters, only the NLR showed a good predictive value for
conversion, with a cut-off value of 4.24 (AUC = 0.802, p < 0.001), significantly higher com-
pared to that of leukocytes (AUC = 0.755), SII (AUC = 0.734), and TG13/18 (AUC = 0.690)
(Table 7).

Table 7. Prediction value of NLR, PLR, SII, and TG 13/18 for conversion to open surgery.

PDR
Sensitivity

PDR
Specificity

Cut-Off
Value

AUC p

NLR 93.7 55.2 >4.24 0.802 <0.001
PLR 68.7 53 >141.8 0.582 0.246
SII 87.5 53 >949.6 0.734 <0.001

TG13/18 75 64.3 >1 0.690 0.001
Leukocytes 75 75.3 >12,200 0.755 <0.001

3.6. Correlations between Inflammatory Parameters and Postoperative Outcomes in the
Study Group

ANOVA showed a good correlation between the NLR, PLR, SII, and TG 13/18 grading
scale and the postoperative hospital stay (p < 0.001; p < 0.001; p < 0.001; and p = 0.008, re-
spectively) and total hospital stay (p = 0.002; p < 0.001; p < 0.001; and p = 0.001, respectively).

In the present study, the NLR, PLR, SII, and TG 13/18 grading scales had a poor
prognostic value for predicting local postoperative complications, almost equal to a coin toss
(Table 8, Figure 3), and did not correlate well with the postoperative complications related
to surgery, Clavien–Dindo grades II and III (p = 0.83; p= 0.843; and p = 0.898, respectively).
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Table 8. Prediction value of NLR, PLR, SII, and TG 13/18 for surgical-related postoperative complications.

PDR
Sensitivity

PDR
Specificity

Cut-Off
Value

AUC p

NLR 45.45 80.8 >8.88 0.595 0.33
PLR 45.45 75.45 >194.6 0.528 0.776
SII 45.45 70.54 >1525.9 0.530 0.3

TG13/18 54.5 62.5 >1 0.583 0.31
Leukocytes 72.73 5 <17,800 0.510 0.935

Figure 3. Comparative ROC curves for NLR, PLR, SII, TG13/18, and total leukocytes in predicting
postoperative local complications.

However, the NLR, SII, and TG 13/18 correlated well with postoperative complications
of Clavien–Dindo grade IV (p < 0.001 for all variables), while the values were not statistically
significant for the PLR (p = 0.113). However, their predictive power evaluated by ROC
curves varied from poor (PLR and SII) to fair (TG 13/18 grading and NLR), as shown in
Table 9, Figure 4.

Table 9. Prediction value of NLR, PLR, SII, and TG 13/18 for general postoperative complications
requiring intensive care (Clavien–Dindo IV).

Sensitivity Specificity
Cut-Off
Value

AUC p

NLR 66.7 80.6 >7.67 0.758 <0.001
PLR 45.8 83.9 >221.3 0.640 0.02
SII 83.3 51.7 >858.3 0.697 0.001

TG13/18 70.83 65.4 >1 0.715 <0.001
Leukocytes 79.2 54.4 >9100 0.668 0.006
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Figure 4. Comparative ROC curves for NLR, PLR, SII, TG13/18, and total leukocytes in predicting
general complications requiring intensive care support (Clavien–Dindo grade IV).

For predicting early postoperative sepsis, a TG 13/18 grading > 2 and NLR > 8.54
showed the best predicting power (AUC = 0.931; AUC = 0.888, respectively), though not
significantly higher than that of the PLR and SII (Table 10, Figure 5).

Table 10. Prediction value of NLR, PLR, SII, and TG 13/18 for postoperative sepsis.

PDR
Sensitivity

PDR
Specificity

Cut-Off
Value

AUC p

NLR 87.5 81 >8.54 0.888 <0.001
PLR 75 83.2 >222.46 0.807 <0.001
SII 87.5 70.04 >1447.68 0.845 <0.001

TG13/18 75 92.1 >2 0.931 <0.0001
Leukocytes 87.5 66.9 >11,300 0.753 0.025

Figure 5. Comparison of ROC curve for NLR, SII, PLR, TG13/18, and total leukocytes in predicting
sepsis in the early postoperative period.
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4. Discussion

Predicting the severity of acute cholecystitis is important to achieve the best therapeutic
outcomes and prevent adverse postoperative events [2,26–29]. Local inflammation and
surgical trauma induce metabolic and systemic inflammatory responses, which may lead to
systemic complications [30]. Understanding and addressing inflammation and the possible
systemic imbalances that it may cause is important to prevent adverse outcomes and
unnecessarily prolonged hospital stays in cases with AC.

Commonly used for diagnosis, CT and ultrasound examination may not accurately
predict advanced AC [30,31]. In a study on 1115 patients who underwent surgery for acute
calculous cholecystitis, Goiayev et al. [31] found that even in cases with a gallbladder wall
of ≤ 4.85 mm, if the NLR > 5.65 and the total leukocytes exceed 8100/mm3, there is a 92%
probability of complicated AC, including gangrenous, perforated, emphysematous, or
necrotizing AC. NLR is a cheap, easy-to-calculate inflammatory biomarker that combines
the relative ratio of neutrophils—the first line of cellular defense in acute inflammation—
and the lymphocytes, with an immunomodulatory role [30].

Although several studies have found a significant correlation between the NLR and
the severity of inflammation in AC [30,32–34], there is limited evidence regarding the
specific cut-off value, with possible clinical use.

In the present study, we comparatively examined NLR, PLR, SII, total leukocytes, and
TG13/18 grading scale for predicting severe inflammation in acute cholecystitis, risk for
conversion, and adverse outcomes. We found that the NLR performed best for predicting
advanced AC, with an AUC of 0.824 at a cut-off value >4.19. The NLR also has a good
predictive value for conversion (AUC = 0.804, cut-off value of 4.24), with high sensitivity
(93.7%) but low sensitivity (55.7%).

A previous study by Micic et al. [24] on 136 patients who underwent LC for acute
cholecystitis found a similar cut-off value of 4.18 for predicting advanced AC with a 78.3%
sensitivity and 74.3% specificity [24], while another recent study found a cut-off value of
4.17 for moderate to severe AC [35], with a predictive value similar to that of CRP.

A higher “cut-off” value of 5.5 for the NLR was found by Turhan et al. [36] with a
good predictive value, 80.8% sensitivity, and 80.1% specificity. This may be explained,
however, by the selection criteria the authors defined for the complicated AC group in their
study, which included very advanced changes of the gallbladder wall, such as perforation,
gangrenous cholecystitis, and emphysematous cholecystitis. The definition of “difficult
cholecystectomy” is still a challenging subject, with no international consensus being
reached. In the present study, we followed the recommendations of Manuel Velasques
et al. [37], so we also included severe local inflammation which led to the impossibility of
achieving the critical view of safety. On the other hand, Turhan et al. [37] also found that
the PLR correlated with inflammation, but with a lower predictive value when compared
to that of the NLR for complicated AC (AUC = 0.704 vs. 0.873, respectively), which is
consistent with our findings. Diez Ares et al., in a study on 130 patients operated on for
AC, found that an NLR value of >5 and a CRP value of >100 mg/dL were independent
risk factors for gangrenous cholecystitis, with good predictive value estimated by ROC
curves (AUC = 0.75 vs. AUC = 0.80, respectively), and should be taken into account in the
therapeutic decision, considering that early laparoscopic cholecystectomy provides the best
outcomes in gangrenous AC [38].

A different approach was used by Unal et al. [34], who analyzed the correlation
between the NLR and the TG 13/18 grading scale. He found that an NLR cut-off value of
5.2 may discriminate well between TG13/18 grade 1 vs. grades 2 and 3 with a sensitivity
of 76.76% and specificity of 76.17% (AUC of 0.817), while a NRL > 8.5 is a good predictor
for TG 13/18 grade 3, which associates with systemic imbalance due to inflammation [34].
In our study, we also found a cut-off value of >8.54 to be a good predictor for early
postoperative sepsis.

Kartal and Kalayci [38] found no correlation between the NLR and postoperative
overall morbidity in the elderly with AC [38]. In the present study, we found no correla-
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tion between the systemic inflammatory biomarkers and Clavien–Dindo complications
grades II and III. This finding may support the current recommendation that early chole-
cystectomy may be performed safely in all cases of acute cholecystitis, even those with
severe inflammation. However, inflammatory biomarkers were well-correlated with the
grade IV Clavien–Dindo complications, requiring intensive care. In the present study,
we found that an NLR value of >8.54 has 87.5% sensitivity and 81% specificity for early
postoperative sepsis. Although postoperative complications are more frequent in the severe
cholecystitis group, there is no correlation between postoperative surgical complications
and the values of the NLR, SII, PLR, or TG 13/18 grading scale. This supports, on the one
hand, the idea that choosing the appropriate technique for each case allows for a successful
solution regardless of the severity of the local inflammation [1,39–41]. On the other hand,
repeated inflammatory relapses that lead to local fibrous rearrangements, but also the
involvement of the human factor (perception errors of the struts during dissection), can
generate vascular-biliary lesions [42,43].

In our study, we found that the PLR is an important biomarker in predicting sepsis in
patients with AC admitted in emergency care. Part of the complicated underlying patho-
physiology of sepsis syndrome is clot formation and bleeding diathesis associated with
platelet disfunction, endothelial activation, and disseminated intravascular coagulation [44].
Prompt identification of these patients is essential for improving the survival rate in these
patients [44–46].

Mitigation of perioperative inflammation and pain is important for enhanced recovery
after surgery (ERAS) and preventing postoperative complications [47–49]. Postoperative
analgesia is a very important part of perioperative management in patients with AC. The
pain pattern after LC seems to be different from that after other laparoscopic surgeries [48],
and good pain management should be based on an individualized approach. The intensity
of preoperative inflammation may sensibilize the peritoneal nociceptors, so a multimodal
analgesia could be the best option to control the pain with minimal adverse effects [48].
Several studies found that choosing non-opioid combinations, such as paracetamol and
parecoxib 40 mg IV or lornoxicam quick-release 8 mg PO every 12 h, results in the same
anti-algic effect as opioids, but limits the risk of pulmonary complications and allows a
quick recovery [50,51].

Our study has some limitations: it is a monocentric retrospective study on a limited
number of patients. The analyzed values are those from admission, not those from the
operative moment. Also, the dynamics of biomarkers regarding the development of
postoperative complications were not analyzed. We also could not differentiate between
the cases that needed conversion due to sclerosis after multiple previous episodes of mild
AC and the impossibility of achieving the critical view of safety due to active inflammation.
This might be an explanation for the lower cut-off value found for the NLR when compared
to other studies that focus on the gangrenous gallbladder only. However, our study brings
valuable information regarding the correlations between the NLR, PLR, and SII and the
severity of AC, risk for conversion, and postoperative morbidity.

5. Conclusions

The NLR, PLR, and SII are useful in the preoperative assessment of the AC. The NLR
is an early biomarker of inflammation, with higher predictive value when compared to
that of PLR, SII, and total leukocytes, and is more versatile than the TG 13/18 scale, being a
continuous variable. An NLR value of >4.19 is suggestive of advanced inflammation, while
a value of >8.54 is a good predictor for early postoperative sepsis. The PLR and SII correlate
significantly with the severity of the inflammation and may be useful in the prediction of
the systemic inflammatory response, but they have fair predictive value for advanced AC
and risk for conversion in LC.
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31. Önder, A.; Kapan, M.; Ülger, B.V.; Oğuz, A.; Türkoğlu, A.; Uslukaya, Ö. Gangrenous cholecystitis: Mortality and risk factors. Int.
Surg. 2015, 100, 254–260. [CrossRef] [PubMed]

32. Prakash, G.; Hasan, M. The Accuracy of Neutrophil-to-Lymphocyte Ratio and Abdominal Computed Tomography to Predict the
Severity of Acute Cholecystitis. Cureus 2022, 14, e32243. [CrossRef]
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Abstract: Anastomotic leakage (AL) remains the main cause of post-esophagectomy morbidity and
mortality. Early detection can avoid sepsis and reduce morbidity and mortality. This study evaluates
the diagnostic accuracy of the Nun score and its components as early detectors of AL. This single-
center observational cohort study included all esophagectomies from 2010 to 2020. C-reactive protein
(CRP), albumin (Alb), and white cell count (WCC) were analyzed and NUn scores were calculated.
The area under the curve statistic (AUC) was used to assess their predictive accuracy. A total of 74
of the 668 patients (11%) developed an AL. CRP and the NUn-score proved to be good diagnostic
accuracy tests on postoperative day (POD) 2 (CRP AUC: 0.859; NUn score AUC: 0.869) and POD
4 (CRP AUC: 0.924; NUn score AUC: 0.948). A 182 mg/L CRP cut-off on POD 4 yielded a 87%
sensitivity, 88% specificity, a negative predictive value (NPV) of 98%, and a positive predictive value
(PPV) of 47.7%. A NUn score cut-off > 10 resulted in 92% sensitivity, 95% specificity, 99% NPV, and
68% PPV. Albumin and WCC have limited value in the detection of post-esophagectomy AL. Elevated
CRP and a high NUn score on POD 4 provide high accuracy in predicting AL after esophageal cancer
surgery. Their high negative predictive value allows to select patients who can safely proceed with
enhanced recovery protocols.

Keywords: NUn score; esophagectomy; anastomotic leakage; risk score; esophageal cancer; inflammatory
biomarkers

1. Introduction

The incidence of esophageal cancer (EC) is increasing, making it the sixth leading
cause of cancer-related mortality worldwide [1]. The prognosis remains poor with 5-year
overall survival rates varying from 90% for stage I cancer to <10% for stage IV cancer
patients. For locally advanced cancer, multimodality therapy followed by surgery has
convincingly improved both local control and overall survival [2–5]. Surgical resection and
lymphadenectomy remain crucial in the treatment of non-metastatic esophageal cancer
patients [5,6]. However, the procedure is known for its potentially complicated postopera-
tive course. Large benchmarking series report postoperative complications in more than
50% of cases, even in high-volume centers. Pulmonary complications (15–25%), cardiac
events (14–15%), and the failure of the esophagogastric anastomosis (12–16%) remain
the most important sources of both morbidity and mortality after esophagectomy [7–9].
Considerable improvements in surgical technique and perioperative care have resulted in
90-day mortality rates after esophagectomy of less than 5% in experienced centers [7–9].
However, the mortality of AL remains high, ranging from 7 to 17% [10,11]. The severity of
AL depends on the location of the anastomosis, the estimated surface and circumference of
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the defect, the extent of contamination, the degree of sepsis, and the time from occurrence to
diagnosis and therapy [12]. The early detection and management of an AL can prevent the
development of mediastinitis-related sepsis and is critical to improving its outcome [13].

Inflammatory biomarkers have been previously proposed as easy and cheap tests
for the early diagnosis of postoperative infectious complications after major surgery. C-
reactive protein (CRP) is an acute-phase protein produced in response to infection, tissue
damage, and ischemia. A low CRP on postoperative day (POD) 3 and 5 may rule out AL
after esophagectomy [13]. However, it can be difficult to distinguish the normal systemic
inflammatory response to surgical stress from AL-associated sepsis. Identifying a clinically
relevant, easy-to-use scoring system may be helpful in the early diagnosis of AL, selecting
patients for imaging, and tailoring AL management. Noble and Underwood introduced
the NUn score, using the acute-phase markers white cell count (WCC), CRP, and albumin
(Alb) as a predictor of AL and major postoperative complications [14]. The attempts to
validate the score are limited and conflicting [15–18]. We aimed to determine the diagnostic
accuracy of these inflammatory response biomarkers and the combined NUn score as early
predictors of post-esophagectomy AL.

2. Materials and Methods

The study protocol was approved by the institutional review board of the Ghent
University Hospital (reference: B670201111232).

2.1. Surgery and Postoperative Care

Transthoracic (sub)total esophagectomy with 2- or 3-field lymphadenectomy and a
right intrathoracic (Ivor Lewis, IL or Transhiatal, THE) or cervical esophagogastric anasto-
mosis (McKeown, McK) were performed. All procedures were performed by 2 surgeons
(PP and EVD). The surgical approach included open as well as hybrid minimally invasive
procedures (introduced in 2013). Fully minimal invasive esophagectomy (MIE) was intro-
duced in 2014. All patients received an intrathoracic end-to-side or end-to-end circular
esophagogastric anastomosis using a Premium Plus EEA™ (Medtronic, Dublin, Ireland) sta-
pler (25 or 28 mm), or a standardized cervical end-to-side hand-sewn anastomosis. Patients
recovered at the intensive care unit for 12–24 h and were then discharged to a dedicated
gastrointestinal surgery ward. A nasogastric tube was kept in place during a period of
2–3 days. A water-soluble contrast swallow was obtained on the third postoperative day
as a routine screening before initiating oral intake. Patients suspected of AL received an
emergency CT scan with oral contrast and/or upper endoscopy. Anastomotic leakage
was treated conservatively, endoscopically, or surgically, according to clinical presentation.
Nutritional support was provided by a feeding jejunostomy. Since 2018, patients have been
treated according to an Enhanced Recovery After Surgery (ERAS) protocol.

2.2. Patient Selection

This cohort study was based on data gathered from a prospective institutional database
supplemented with data from the electronic patient records. Consecutive patients undergo-
ing esophagectomy for cancer between January 2010 and December 2020, and fitting the
criteria were included. Patients in whom the esophagus was replaced with a small bowel
or colon, or who underwent concurrent laryngectomy, were excluded.

2.3. Outcomes

Individual collected data included demographics, American Society of Anesthesiolo-
gists (ASA) score, tumor characteristics, the type of neoadjuvant therapy, surgical details,
pathology reports, laboratory results, and postoperative morbidity and mortality until
90 days postoperatively. Pathological staging was based on the 7th AJCC TNM classifica-
tion manual. Postoperative morbidity and mortality were classified using the European
Complication Consensus Group (ECCG) platform [19] and graded according to the Clavien
Dindo classification [20]. Anastomotic leakage was defined as a full thickness gastroin-
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testinal defect involving the esophagus, anastomosis, staple line, or conduit, irrespective
of presentation or method of identification, according to the ECCG classification. Results
are reported according to the “Strengthening the Reporting of Observational Studies in
Epidemiology” (STROBE) guidelines [21].

2.4. Inflammatory Biomarkers and the NUn Score

Acute-phase markers were retrieved from the daily blood samples postoperatively.
WCC was measured in cells ×103/μL (reference range 3.6–9.3 103/μL) and converted to
109/L for the NUn score calculation. Serum concentrations of albumin were expressed in
g/L (normal range 35–52 g/L) and CRP in mg/L (normal range < 0.5 mg/L). The NUn
score was calculated according the original Noble formula: 11.3894 + (0.005 × CRP in
mg/L) + (0.186 × WCC in 109/L) − (0.174 × albumin in g/L). Missing data were replaced
using the last observation carried forward approach.

2.5. Statistical Analysis

All analyses were performed using IBM SPSS® version 28 for Windows® and Sigmaplot®

version 13 for Windows®. Continuous data are summarized as means with standard
deviations (SD), or as medians with interquartile ranges (IQR). Categorical data are reported
using frequencies and percentages. Independent samples t test, Pearson chi square, Fisher’s
exact, and Mann–Whitney U tests were used to compare means and proportions. The
significance of the different covariates in the prediction of AL was assessed using univariate
analysis. The predictive accuracy of the biomarkers and the NUn score was assessed using
receiver operating curve (ROC) analyses and the area under the curve (AUC). Sensitivity,
specificity, and positive and negative predictive value were calculated for the determined
cut-off values of the biomarkers and the NUn score.

3. Results

3.1. Demographics of the Study Cohort

Between January 2010 and December 2020, 668 esophagectomy patients were identi-
fied matching the inclusion criteria. Demographic data and their univariable association
with AL are detailed in Table 1. The mean age was 64.0 ± 12.2 years (78.9% male). Over-
all, 74 patients (11.1%) experienced an AL. The majority of patients were treated for an
adenocarcinoma (67.5%). Univariable analysis could not identify statistically significant
differences in demographics, comorbidities, neoadjuvant treatment regimens, histology, or
clinical staging between the patients with and without leakage, except for a higher percent
of ASA 3 patients in the AL group. The surgical procedure, approach, and conditions
did, however, significantly influence the AL rate, with a significantly higher AL rate in
patients with a cervical anastomosis (McK 28% vs. IL 10.9% vs. THE 5.2%, p = 0.010), after
total minimally invasive surgery (16.8% vs. 8.6% after both open and hybrid procedures,
p = 0.008), and when an emergency procedure was performed. AL was defined according
to the ECCG guidelines, diagnosed on CT-scan and/or upper GI endoscopy, and graded
according to both the CD (17.6% gr 2; 1.4% gr 3a; 43.2% gr 3b; 27% gr 4a; 8.1% gr 4b; and
2.7% gr 5) and ECCG grading system (18.9% type 1; 12.2% type 2; and 68.9% type 3).

Table 1. Baseline characteristics.

All Patients
(n = 668)

No AL
(n = 594)

AL
(n = 74)

p Value

Age, (y) Mean ± SD 64.0 ± 12.2 64.8 ± 10.2 65.6 ± 8.9 0.508
BMI (kg/m2) Mean ± SD 25.3 ± 4.6 25.2 ± 4.5 25.9 ± 4.9 0.252
ASA score, n (%) 1 27 (4.0%) 24 (4.1%) 3 (4.1%) 0.036

2 286 (42.8%) 261 (43.9%) 25 (33.7%)
3 335 (50.1%) 292 (49.2%) 43 (58.1%)
4 4 (0.6%) 2 (0.3%) 2 (2.7%)
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Table 1. Cont.

All Patients
(n = 668)

No AL
(n = 594)

AL
(n = 74)

p Value

Gender, n (%) Male 527 (78.9%) 468 (78.8%) 59 (79.7%) 0.851
Female 141 (21.1%) 126 (21.2%) 15 (20.3%)

Comorbidities, n (%) Kidney disease 21 (3.1%) 19 (3.2%) 2 (2.7%) 0.818
Cardiovascular disease 257 (38.5%) 226 (38.0%) 31 (41.9%) 0.522
Pulmonary disease 161 (24.1%) 140 (23.6%) 21 (28.4%) 0.362
Diabetes 88 (13.2%) 75 (12.6%) 13 (17.6%) 0.236
Smoking 230 (34.4%) 200 (33.7%) 30 (40.5%) 0.241
Corticosteroids 20 (3.0%) 16 (2.7%) 4 (5.4%) 0.197

Tumor Location, n (%) Proximal 17 (2.5%) 12 (2.0%) 5 (6.8%) 0.094
Mid 121 (18.1%) 110 (18.5%) 11 (14.9%)
Distal 402 (60.2%) 357 (60.1%) 45 (60.8%)
GEJ 128 (19.2%) 115 (19.4%) 13 (17.6%)

Neoadjuvant therapy, n (%) None 179 (26.8%) 158 (26.6%) 21 (28.4%) 0.932
Chemotherapy 97 (14.5%) 87 (14.6%) 10 (13.5%)
Radiochemotherapy 392 (58.7%) 349 (58.8%) 43 (58.1%)

Histology, n (%) Adeno Ca 451 (67.5%) 402 (67.7%) 49 (66.2%) 0.719
Squamous cell Ca 200 (29.9%) 176 (29.6%) 24 (32.4%)
Other 17 (2.5%) 16 (2.7%) 1 (1.4%)

cT-stage, n (%) * Tx 8 (1.2%) 7 (1.2%) 1 (1.4%) 0.641
T1 56 (8.4%) 49 (8.2%) 7 (9.5%)
T2 136 (20.4%) 118 (19.9%) 18 (24.3%)
T3 455 (68.1%) 407 (68.5%) 48 (64.9%)
T4 13 (1.9%) 13 (2.2%) 0 (0.0%)

cN-stage, n (%) * N0 227 (34.0%) 203 (34.2%) 24 (32.4%) 0.898
N1 308 (46.1%) 276 (46.5%) 32 (43.2%)
N2 112 (16.8%) 97 (16.3%) 15 (20.3%)
N3 13 (1.9%) 11 (1.9%) 2 (2.7%)

cM-stage, n (%) * M0 625 (93.6%) 556 (93.6%) 69 (93.2%) 0.989
M1 35 (5.2%) 31 (5.2%) 4 (5.4%)

Procedure, n (%) IL 586 (87.7%) 522 (87.9%) 64 (86.5%) 0.010
McK 25 (3.7%) 18 (3.0%) 7 (9.5%)
THE 57 (8.5%) 54 (9.1%) 3 (4.1%)

Approach, n (%) Open 327 (49.0%) 299 (50.3%) 28 (37.8%) 0.008
Hybride 139 (20.8%) 127 (21.4%) 12 (16.2%)
MIE 202 (30.2%) 168 (28.3%) 34 (45.9%)

Type of surgery, n (%) Elective 608 (91.0%) 545 (91.8%) 63 (85.1%) <0.001
Emergency 5 (0.7%) 1 (0.2%) 4 (5.4%)
Salvage 55 (8.2%) 48 (8.1%) 7 (9.5%)

SD, standard deviation; BMI, body mass index; ASA, American Society of Anesthesiologists; GEJ, gastro
esophageal junction; IL, Ivor Lewis; McK, McKeown; THE, transhiatal esophagectomy; * cTNM staging ac-
cording to the AJCC 8th edition. Bold values state statistical significance.

3.2. Mean Levels of Inflammatory Biomarkers and Severity of the AL

CRP was available in 642 patients on POD 2 and 613 patients on POD 4. WCC was
measured in 645 patients on POD 2 and 662 patients on POD 4. Albumin was available
for 596 patients on POD 2 and 615 on POD 4. Missing data were replaced using the last
observation carried forward approach. NUn scores were calculated for all but five patients
on POD 2 and four patients on POD 4. Mean CRP, WCC, and combined NUn scores were
significantly higher in AL patients compared to the non-AL patients, and this significance
was confirmed for all ECCG AL types. Mean Alb was significantly lower in the AL group.
Mean CRP and WCC levels were higher in patients with a more sever ECCG AL grade,
specifically when type 1 leaks were compared to type 2 and type 3 leaks. The significance
was present for the evaluated biomarkers both on POD 2 and POD 4 (Figure 1). All
biomarkers were identified as significant markers for AL on univariate analysis (Table 2).

121



J. Clin. Med. 2024, 13, 826

  

  

20.00
22.00
24.00
26.00
28.00
30.00
32.00

Mean Alb POD2 Mean Alb POD4

m
ea

n 
Al

bu
m

in
 in

 g
/L

(a) type of AL and Albumin

No AL (=594) AL type 1 (n=14)

AL type 2 (n=9) AL type 3 (n=51)

0.00
50.00

100.00
150.00
200.00
250.00
300.00
350.00

Mean CRP POD2 Mean CRP POD4

m
ea

n 
CR

P 
in

 m
g/

L

(b) type of AL and CRP

No AL (=594) AL type 1 (n=14)

AL type 2 (n=9) AL type 3 (n=51)

0.00

5.00

10.00

15.00

20.00

Mean WCC POD2 Mean WCC POD4

m
ea

n 
W

CC
 in

 ce
lls

 x
 1

03 /
μL

(c) type of AL and WCC

No AL (=594) AL type 1 (n=14)

AL type 2 (n=9) AL type 3 (n=51)

8.00

9.00

10.00

11.00

12.00

13.00

Mean Nun POD2 Mean Nun POD4

NU
N 

sc
or

e
(d) type of AL and NUn score

No AL (=594) AL type 1 (n=14)

AL type 2 (n=9) AL type 3 (n=51)

Figure 1. Mean levels of albumin, CRP, WCC, and NUn score on postoperative day 2 and 4 in
patients with and without AL, stratified by ECCG type of AL (data displayed as means with standard
deviation). (a) Correlation between mean Alb and type of AL, (b) correlation between mean CRP and
type of AL, (c) correlation between mean WCC and type of AL, and (d) correlation between mean
NUn and type of AL.

Table 2. Univariate analysis of the mean biomarkers and NUn score on POD 2 and 4 according to the
ECCG type of AL.

No AL (=594) AL Type 1 (n = 14) AL Type 2 (n = 9) AL Type 3 (n = 51) p Value

Alb POD 2 (mean ± SD) 28.0 (±3.7) 25.8 (±2.6) 26.2 (±4.4) 24.9 (±4.1) <0.001
Alb POD 4 (mean ± SD) 28.5 (±3.9) 25.1 (±3.4) 24.6 (±4.0) 24.1 (±3.2) <0.001
CRP POD 2 (mean ± SD) 125.9 (±55.4) 197.0 (±89.8) 222.3 (±73.2) 224.4 (±67.9) <0.001
CRP POD 4 (mean ± SD) 111.1 (±62.8) 196.8 (±84.9) 275.4 (±86.4) 267.6 (±74.0) <0.001
WCC POD 2 (mean ± SD) 10.9 (±5.2) 11.4 (±3.6) 16.3 (±6.5) 14.3 (±4.2) <0.001
WCC POD 4 (mean ± SD) 8.7 (±2.9) 11.46 (±3.7) 16.1 (±5.7) 13.5 (±4.5) <0.001
NUn POD 2 (mean ± SD) 9.2 (±1.2) 10.0 (±0.8) 10.9 (±1.4) 10.8 (±1.0) <0.001
NUn POD 4 (mean ± SD) 8.6 (±1.0) 10.1 (±1.2) 11.5 (±0.8) 11.1 (±0.9) <0.001

3.3. Optimal Cut-Off and Predictive Accuracy of Albumin

Mean albumin levels for patients with and without AL were 25.2 versus 28.0 g/L
on POD 2 (p < 0.001) and 24.3 versus 28.5 g/L on POD 4 (p < 0.001). Figure 2 shows the
ROC curve analyses of albumin, with a fair performance on POD 2 (AUC 0.710, 95% CI:
0.646–0.774) and POD 4 (AUC 0.799, 95% CI: 0.746–0.853). A POD 4 albumin threshold of
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26.5 g/L had the highest, but still limited diagnostic accuracy, with a sensitivity of 80% and
a specificity of 68%.

Figure 2. Receiver operating curve (ROC) for albumin, C-reactive protein, white cell count, and the
NUn score on POD 2 (light blue) and POD 4 (dark red) and their diagnostic accuracy in detecting AL.
(a) ROC curve for Alb, (b) ROC curve for WCC, (c) ROC curve for CRP, and (d) ROC curve for the
NUn score. The X axis resembles the true positive rate (=sensitivity) and the Y axis resembles the
false positive rate (=1-specificity). The red dot is the cut-off value, and Youden’s J statistic is used to
select the optimal predicted probability cut-off. It is the maximum vertical distance between the ROC
curve and the diagonal line.

3.4. Optimal Cut-Off and Predictive Accuracy of CRP

The mean CRP levels for patients with and without AL were 218.9 versus 125.9 mg/L,
respectively, on POD 2 (p < 0.001) and 255.2 mg/L versus 111.1 on POD 4 (p < 0.001).
Figure 2 shows the ROC curve analyses of CRP, with a good performance on POD 2 (AUC
0.859, 95% CI: 0.816–0.903) and an excellent performance on POD 4 (AUC 0.924, 95% CI:
0.896–0.953). A POD 4 CRP threshold of 181.5 mg/L had the highest diagnostic accuracy
compared to all the other individual markers. This resulted in a sensitivity of 87%, a
specificity of 88%, a negative predictive value of 98%, and a positive predictive value
of 48%.
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3.5. Optimal Cut-Off and Predictive Accuracy of WCC

Mean WCC levels were significantly higher for patients with AL (14.0 and 13.4 × 103/μL
on POD 2 and 4) compared to the those for patients without an AL (10.9 and 8.7 × 103/μL
on POD 2 and 4) (p < 0.001). Figure 2 shows the ROC curve analyses of WCC, with a fair
performance on POD 2 (AUC 0.724 95% CI: 0.662–0.786) but a good performance on POD
4 (AUC 0.829, 95% CI: 0.777–0.880). A POD 4 WCC cut-off of 10.9 × 103/μL resulted in a
sensitivity of 73%, a specificity of 82%, a negative predictive value of 96%, and a positive
predictive value of 33%.

3.6. Optimal Cut-Off and Predictive Accuracy of the NUn Score

Patients with AL presented a mean NUn score of 10.7 on POD 2 and 10.9 on POD 4,
compared to a 9.2 score on POD 2 and 8.6 score on POD 4 in the non-AL group (p < 0.001).
The presence of a NUn score > 10 on POD4, as presented by Noble and Underwood, was
identified as a significant risk factor for AL both in the univariate and multivariate analysis
in this study group. Figure 2 shows the ROC curve analyses of the NUn score, with a good
performance on POD 2 (AUC 0.869, 95% CI: 0.833–0.905) and an excellent performance
on POD 4 (AUC 0.948, 95% CI: 0.923–0.972). A POD 4 NUn score of >10 had the highest
diagnostic accuracy compared to all the other individual markers, with a sensitivity of 92%,
a specificity of 95%, a negative predictive value of 99%, and a positive predictive value of
68% (Table 3).

Table 3. Threshold values for Alb, CRP, WCC, and the NUn score and their diagnostic accuracy
for AL.

Variable AUC 95% CI p Value Cut-Off Sens Spec PPV NPV PLR NLR

Alb POD2 0.710 0.646–0.774 <0.001 24.5 47.30% 84.40% 27.42% 92.78% 3.032 0.624
POD4 0.799 0.746–0.853 <0.001 26.5 79.70% 68.20% 23.79% 96.42% 2.506 0.298

CRP POD2 0.859 0.816–0.903 <0.001 165.5 79.70% 79.30% 32.42% 96.90% 3.850 0.256
POD4 0.924 0.896–0.953 <0.001 181.5 86.50% 88.20% 47.73% 98.13% 7.330 0.153

WCC POD2 0.724 0.662–0.786 <0.001 12.255 64.90% 72.30% 22.59% 94.30% 2.343 0.486
POD4 0.829 0.777–0.880 <0.001 10.885 73.00% 82.00% 33.57% 96.06% 4.056 0.329

NUn POD2 0.869 0.833–0.905 <0.001 9.75 83.80% 76.80% 31.03% 97.44% 3.612 0.211
POD4 0.948 0.923–0.972 <0.001 10.05 91.90% 94.70% 68.36% 98.95% 17.340 0.086

AUC, area under the curve; CI, confidence interval; Sens, sensitivity; Spec, specificity; PPV, positive predictive
value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR, negative likelihood ratio.

4. Discussion

The failure of the esophagogastric anastomosis (12–16%) remains the most important
source of prolonged hospital stay, increased risk for reoperation, stenosis, short-term
reduced quality of live, increased costs, and increased perioperative death [12,22]. The
effect of post-esophagectomy AL on long term oncological and functional outcome is
still under debate [23–26]. The clinical presentation of AL is diverse and its severity
ranges widely, mainly determined by the location and extent of the defect, the presence
of contamination and sepsis, and the time from onset to treatment [12]. Early diagnosis
and treatment helps to prevent subsequent sepsis and improves AL-related outcomes. This
observational study demonstrates the clinical utility of both CRP and the NUn score in
postoperative AL monitoring in esophagectomy patients. The high NPV and the rather
low PPV, however, suggest that their main value is not the early detection, but rather the
exclusion of an AL.

A postoperative drop in Albumin (Alb) is thought to be a marker for surgical stress.
The low concentrations of Alb and prealbumin on POD 4–6 are identified as potential risk
factors for AL. Five studies evaluated postoperative Alb in relation to AL but only Noble
reported a significant association with a POD 5 cut-off < 22.5 g/L with fair performance
(AUC 0.742) [14–16,27–30]. Our analyses identified an equally fair performance for Alb
with threshold values of <24.5 on POD 2 (AUC 0.710) and <26.5 g/L on POD 4 (AUC
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0.799). Given its limited accuracy, the authors do not advocate Alb alone as a predictive
marker of AL. However, pre albumin, Alb in combined scores (e.g., Alb/CRP ratio, CART
algorithm), and a perioperative Alb decrease of 11 g/L seem more promising as predictive
markers [28,30,31].

Elevated CRP levels are the most commonly identified markers for post-esophagectomy
complications [14–18,28–47]. CRP is an acute-phase protein synthesized in the liver in re-
sponse to endotoxins, and its levels commonly increase within 6 h after the onset of the
inflammation. It is a marker for acute inflammation with a high sensitivity but often low
specificity for its inflammatory origin. CRP values have been studied from POD 1 to 10,
with most studies focusing on POD 3–5. However, the earlier the AL is suspected, the better.
We therefore focused on POD 2–4, as POD1 CRP showed low diagnostic performance
in previous studies. In this study, the mean CRP levels on POD 2–4 were significantly
higher in the AL group and proportionally correlated to the ECCG type of the AL, a
finding consistent with Hagens et al.’s observations; however, due to the small sample
size in that cohort, they could not prove statistical significance [47]. ROC curves were
plotted to identify a CRP cut-off level of 165 mg/L on POD 2 with good diagnostic perfor-
mance (AUC 0.859) and a cut-off level of 181 mg/L on POD 4 with excellent performance
(AUC 0.924). Six other studies evaluated POD 2 CRP with varying thresholds from 177
to 300 mg/L [14,34,36,40–42]. All studies identified higher thresholds than ours on POD
2, and with lower AUCs, except Ji who identified a cut-off of 177 mg/L on POD 2 with a
good performance (AUC 0.994, sens 90%, and spec 95%) similar to this study. Our POD 4
cut-off of 181 mg/L was significantly higher than the cut-off level of 111 mg/L reported by
Miki [44] and 106 mg/L by Stuart [45], probably because they only included MIE patients.
But it was in line with the threshold value of 177 mg/L published in a meta-analysis by
Aiolfi who included all types of esophagectomy [13]. Based on the high AUC, the relevant
sensitivity, specificity, low PPV, but high NPV, we could identify POD 2–4 CRP levels only
to be useful in the exclusion and not in the diagnosis of an AL. This is consistent with most
other studies that identify CRP as a negative predictor for AL.

Mean WCC levels were significantly different between the AL and the non-AL patients.
However, our study identified WCC on POD 2 to have only a fair diagnostic accuracy
(AUC 0.724) while in POD 4 it had a good diagnostic performance (AUC 0.829). The high
NPV and low PPV again suggest clinical use as negative predictor instead of a diagnostic
tool. Multiple studies evaluated WCC but only three reported cut-off values; however, they
did so only on POD 3 and 5 and with poor diagnostic accuracy, eliminating the possibility
for comparison [14–16,18,27,32–34,44,48].

Noble combined CRP, Alb, and white cell count in the NUn score, in an attempt to
increase their accuracy as a AL predictor [14]. Findlay and Paireder failed to validate the
score, potentially because they included all AL types, both symptomatic and asymptomatic,
compared to Noble who included only “leaks sufficient to cause symptoms” [15,17]. Bun-
dred, however, successfully validated the score’s cut-off value of 10 on POD 4, with a
fair diagnostic accuracy (AUC 0.77) and including only symptomatic leaks, confirmed by
radiology or endoscopy consistent to Noble’s definition [16]. Liesenfeld identified a sign
difference between the mean NUn score of AL negative and positive patients (8.6 vs. 9.1,
p = 0.006), but the optimal cut-off value recommended by Noble could not be confirmed
as an AL predictor [18]. In this study, the NUn score seemed to have the highest accuracy
of all tested biomarkers, and not just for the symptomatic AL patients as initially proven
by Noble and validated by Bundred, but in all ECCG types of AL (whereas Findlay and
Paireder failed to validate the score in a similar cohort).The presence of a NUn score > 10
on POD 4 was identified as a significant risk factor for AL, and the ROC curve analysis
showed good performance on POD 2 (AUC 0.869) and an excellent performance on POD 4
(AUC 0.948), validating the score in this cohort.

This study has multiple pitfalls, as it is retrospective in nature, but based on prospec-
tively collected data. We analyzed a heterogenic esophagectomy population including
different procedures, approaches, and types of surgery, all known to have an impact on
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the AL rate, potentially biasing the results. However, we wanted to evaluate cheap and
easily available tests and standardize their clinical use in postoperative monitoring for
all esophagectomy patients. EC cancer is a rare disease resulting in a limited amount of
annual esophagectomies. Nevertheless, we present a large population for a single-center
observational study. Moreover, this is the first study to validate the NUn-score for all ECCG
types in AL.

5. Conclusions

CRP and the NUn score both show good diagnostic performance on POD 2 and
excellent performance on POD 4. They are, however, only valuable for AL exclusion, which
can be useful in algorithms for a safe and early discharge. There is no single non-invasive
test that can rule out AL, but patients with a CRP < 165 mg/L on POD 2 can proceed with
oral intake according to the local ERAS protocol, and patients with a CRP < 181 mg/L or
a NUn score < 10 on POD 4 are unlikely to develop an AL and can safely be discharged
when clinically possible.

While highly elevated CRP levels have been consistently associated with post-operative
inflammation and inflammatory complications, it is essential to acknowledge that they
should not be used in isolation. CRP and NUn score kinetics over time may provide addi-
tional insights into the severity and the progression of a post-esophagectomy complications.
However, daily CRP monitoring in the postoperative follow-up of esophagectomy patients
seems to be a valuable strategy for the early detection of AL. Its negative predictive value
and dynamic response make it a useful tool. However, clinical assessment, imaging studies,
and endoscopic evaluations should be considered in junction with CRP. Based on our
results, we created a center-specific diagnostic algorithm including clinical signs, CRP, NUn
score, drain amylase, chest CT scan, and upper GI endoscopy to facilitate early diagnostic
and surgical decision making for patients suspected for AL.
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Abstract: Ventral incisional hernias are common indications for elective repair and frequently complicated
by recurrence. Surgical meshes, which may be synthetic, bio-synthetic, or biological, decrease recurrence
and, resultingly, their use has become standard. While most patients are greatly benefited, mesh represents
a permanently implanted foreign body. Mesh may be implanted within the intra-peritoneal, preperitoneal,
retrorectus, inlay, or onlay anatomic positions. Meshes may be associated with complications that may
be early or late and range from minor to severe. Long-term complications with intra-peritoneal synthetic
mesh (IPSM) in apposition to the viscera are particularly at risk for adhesions and potential enteric fistula
formation. The overall rate of such complications is difficult to appreciate due to poor long-term follow-up
data, although it behooves surgeons to understand these risks as they are the ones who implant these
devices. All surgeons need to be aware that meshes are commercial devices that are delivered into their
operating room without scientific evidence of efficacy or even safety due to the unique regulatory practices
that distinguish medical devices from medications. Thus, surgeons must continue to advocate for more
stringent oversight and improved scientific evaluation to serve our patients properly and protect the
patient–surgeon relationship as the only rationale long-term strategy to avoid ongoing complications.

Keywords: incisional hernia; ventral hernia; mesh; complications; enteroprosthetic fistula; regulatory
oversight

1. Introduction

Each year, more than 20 million hernia repairs are performed around the world. More-
over, the costs associated with these procedures are expected to reach almost USD 6.5 billion
by 2027 [1]. While inguinal hernias occur most frequently, ventral incisional hernias are
particularly common and uniquely problematic [2]. Indeed, in high-risk patients, this con-
dition can be expected to occur after the index laparotomy more than 40% of the time [3–6].
Adding further complexity is that recurrence rates following repairs of these hernias can
be almost 20% [7]. Thus, repair of ventral incisional hernias is frequently complicated by
recurrence and, clearly, the perfect operation has yet to be found. While many patients opt
not to have their hernia repaired, many others undergo different operations with varied
success; indeed, many repairs often fail, leading to yet further operative interventions [8].
Ultimately, a small incisional hernia that has been the initial event can cascade into abdomi-
nal wall failure, with loss of domain of the viscera, and leaving the patient an “abdominal
wall cripple.”

Beginning in the late 20th century, there was increasing evidence that hernia mesh
improved outcomes in management of groin hernias. As a result, more and more frequently
mesh was also being used to manage ventral hernias, although this strong recommendation
had very low evidence [8]. The remainder of this discussion will be specific to the use of
mesh for ventral or incisional hernias. Surgical mesh is a medical device that supports
the repair of a hernia as it heals. The use of mesh decreases hernia recurrences and has
thus become standard practice [9–18], and has even be considered prophylactically when
closing an incision at the first laparotomy [19,20]. The vast majority of patients are greatly
benefited by the use of mesh, and it would be hard, if not impossible, to practice hernia
surgery currently without mesh except at specialized centers or in low resource settings.
Indeed, a number of different techniques have been described for the management of these
hernias and for the placement of mesh. Thus, every incisional hernia repair now requires
this dual choice, merging a surgical technique to a surgical implant choice.

Like almost anything in medicine, however, mesh hernia repair has a small but con-
stant complication rate, with consequences ranging from inconvenient to devastating.
Prompt and diligent attention of the surgeon can often mitigate the affects on the patient.
Prompt and skillful post-operative care can rescue many mesh complications. Thus, all
surgeons must be familiar with these complications and the strategies to address them.
Realistically, contemporary hernia surgery is now practiced under the bright lights of
medicolegal challenges and social media misinformation, and this is then combined with
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a bewildering array of mesh choices, providing for significant confusion amongst prac-
titioners. Yet, despite this context, there is a distinct lack of regulatory oversight. Thus,
any thorough discussion of managing complications in ventral incisional hernia must not
only consider the operating room and the post-operative wards, but also the courtroom
many years hence. We thus hope to comprehensively review the known complications
and management options for incisional hernia repair, while highlighting areas in need of
further research and understanding, specifically including the regulatory background for
existing and potentially new mesh adjuncts.

2. Surgical Mesh

Historically, ventral hernia repair has been a challenging operation for the patient
with a recurrence rate often exceeding 50% [21–24]. However, augmentation of the primary
tissue repair with a reinforcing mesh may decrease these recurrence rates to between
2 and 36% [4]. Luijenijk’s randomized trial comparing mesh repair to primary suture
repair of ventral hernias demonstrated a nearly doubled recurrence rate with suture repair
alone at a three-year follow-up [25]. In this study, the prosthetic mesh was sutured to
the dorsal side of the fascia with either the peritoneum closed, the omentum sutured
between, or an absorbable polyglactin mesh interposed between the prosthetic mesh and
the viscera [25]. These authors subsequently followed their mesh-repaired patients for an
average of 98 months and noted that, while the recurrence rate in the mesh group was half
the suture repair rate, 17% of mesh-repaired patients had a repair related complication
which consisted of small bowel obstructions (12%), fistula from mesh to skin (5%), infected
mesh (2%), and enterocutaneous fistula (3%) [26]. Thus, even in this well-designed study,
conclusions regarding the use of mesh, method of mesh of placement, and whether mesh is
even appropriate remain complex. There thus remains a lack of objective data and much
subjective opinion regarding the appropriate use of mesh in incisional hernia repair.

2.1. Mesh Classifications

In theory, surgical mesh is meant to achieve physical integrity of the components of
the musculofascial layers of the abdominal wall equivalent to the native structures [22]. An
ideal mesh should be non-toxic, have sufficient mechanical strength and stable physical
and chemical properties, ease of handling without displacement, anti-adhesive and anti-
infective properties, and it should be cost effective [17,22]. To date, the ideal mesh does
not exist.

As the science continues to advance, there are now many different manufacturing
processes for mesh. In addition, numerous attempts have been made to classify mesh
types; from simple to complex [22]. At perhaps the most basic level, mesh can be classified
into absorbable and non-absorbable. In evaluation of prosthetic meshes, they can also be
classified by mesh weight, pore shape, and pore size [16,22]. Prosthetic meshes may also be
differentiated as to whether they are reticular, laminar, or composite and whether they are
knit or woven [1,16]. A common system is to classify synthetic mesh by porosity. Type I is
considered to be “macroporous” with pore size > 10 microns; type II is “microporous” with
pore size < 10 microns; and type III is a composite of both micro- and macroporous elements.
Nearly all synthetic nondegradable meshes are made of polypropylene, polyvinylidene
fluoride (PVDF), polyethylene terephthalate polyester, or expanded polytetrafluoroethylene
(ePTFE) [16]. Composite meshes are made of two or more components and typically require
a specific orientation with placement. They contain a traditional mesh component which
will permit tissue ingrowth as well as a protected peritoneal side with a non-adherent
mesh surface or surface coating [2,16,22,27–29]. Reticular meshes allow better ingrowth
of cells between their fibers, while lamellar prostheses such as PTFE do not support
cellular ingrowth within their substance [1]. Thus, PTFE meshes have been associated with
poor resistance to infection as white blood cells are prevented from accessing mesh [30].
Alternatively, polypropylene has been developed with larger pore sizes and lower density.
These two factors allow easier ingrowth of native tissue and vascularization which increases
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the resistance to infection [1]. Some macroporous prostheses contain pore sizes greater than
75 microns, which is large enough to allow ingress of cellular fibroplasia and angiogenesis.
A totally microporous mesh has pores less than 10 microns in at least one dimension
and can thus resist cellular ingrowth [31]. Polypropylene is the most common hernia
mesh used globally but is known to cause dense adhesions to any bowel to which it is
exposed [16,17,22,23]. Further, the heavy-weight mesh may be associated with chronic
pain from a profound foreign body response and fibrosis in both ventral and inguinal
hernias [16,32].

2.2. Biological Meshes

Biological prostheses (biological meshes or bioprosthetic materials) are classically
used for complex or contaminated abdominal hernia repairs, as they may cause less
inflammation and fibrosis than synthetic meshes, making them suitable for infected or
potentially infected fields [33,34]. They are typically derived from human (allogenic) or
animal tissues (xenogenic), such as porcine or bovine, and processed to remove cellular
components, leaving behind a collagen scaffold [35]. In theory, biological meshes are
designed to integrate with the patient’s own tissue over time, potentially leading to a
more natural and durable repair, which may result in fewer complications, especially in a
contaminated field [34]. The use of biological mesh, however, comes at a high economic
cost; these meshes can cost up to 200 times more than synthetic mesh. Indeed, there remain
many questions regarding surgical technique, long-term outcomes, and health economics
with respect to the use of biological mesh. A well-performed multi-centre randomized trial
comparing synthetic versus biological mesh in contaminated ventral hernia fields (with a
retromuscular placement) reported a recurrence rate nearly 4 times higher in the biological
mesh group but no difference in risk of surgical site infectious complications between
groups at 2-year follow-up. Moreover, the median cost of the biologic mesh was $21,539 vs.
$105 for the synthetic mesh. [36]. However, intraperitoneal placement of biological meshes
has not been associated with the same long-term complications as non-biological prosthetic
intraperitoneal mesh placement, as we shall see below.

2.3. Anatomic Review of Mesh Placement

Surgical meshes may be implanted into a number of anatomic positions in the anterior
abdominal wall (Table 1) (Figure 1). These positions constitute the intra-peritoneal, preperi-
toneal, retrorectus, inlay, and onlay positions [10,24,37]. These will be discussed below.

Table 1. Anatomic locations within the anterior abdominal wall utilized for permanent mesh implantation.

Location Posterior Structures Anterior Structures Location-Pros Location-Cons

Intraperitoneal Peritoneal cavity Peritoneum Biomechanically strong Adjacent to viscera
Inaccessible if infected

Preperitoneal Peritoneum Transversalis fascia Biomechanically strong Potentially adjacent to
viscera (peritoneal defect)

Retrorectus Posterior Rectus Sheath Rectus Abdominus
Muscle Biomechanically strong

Limited width of mesh
(except TAR 1 uses very
large mesh)

Inlay
Mesh inlaid between
edges of hernia defect
with no overlap

Subcutaneous tissue None Adjacent to Viscera
Biochanically very weak

Onlay Anterior rectus sheath
and External oblique Subcutaneous tissue

Accessible to local
salvage therapies in case
of infection
Distant from viscera

Less biomechanically
strong

1 TAR = Transversus abdominus release.
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Figure 1. Schematic diagram of anatomic abdominal incisional hernia mesh placement locations.
(a) Normal Abdominal Wall. (b) Intraperitoneal mesh. (c) Preperitoneal mesh. (d) Retrorectus mesh.
(e) Inlay mesh. (f) Onlay mesh.

2.3.1. Intra-Peritoneal Placement of Mesh

These meshes are intended to be implanted within the peritoneal cavity proper and
are, therefore, in direct contact with the intra-abdominal viscera. These devices may utilize
anti-adherent physical barriers and can include prosthetic-coated, composite-coated, or
biological [1]. There are also examples of intra-peritoneal non-coated synthetic meshes that
are protected from visceral adhesions by interposing omentum with reportedly acceptable
results in uncontrolled series [38].

2.3.2. Intra-Peritoneal Onlay Mesh (IPOM) Placement

Since the introduction of minimally invasive ventral hernia repair which consists of an
intra-peritoneal onlay mesh (IPOM) technique, there has been uncertainty as to whether it
benefits patients. The technique seems to confidently decrease local wound complications
and may shorten hospital stay [23,24,39–41]. However, despite a moderate evidence base
and numerous randomized controlled trials, there has been no conclusive determination of
whether open or laparoscopic techniques, with mesh in an intra-peritoneal position, pro-
vides a benefit to patients [39,42,43]. Indeed, a pertinent comment made by the Cochrane
review group is that there is a “rare but theoretically higher risk that intraabdominal
organs are more likely to be injured during a laparoscopic procedure [39]”. The Italian
Laparoscopic Ventral Hernia Guideline group meta-analysis showed that the laparoscopic
technique was associated with increased accidental full-thickness enterotomies [9]. Further,
a nation-wide population-based review from France concluded that laparoscopic IPOM
placement significantly increased the risk of bowel obstruction compared to patients with a
previous laparotomy but no intra-peritoneal mesh [18]. The most recent Midline Incisional
hernia guidelines from the European Hernia Society also state that any mesh in the abdom-
inal cavity exposed to the abdominal viscera should be used with caution due to the risk of
long-term complications at any subsequent abdominal surgery,” and to “keep the mesh out
of the peritoneal cavity where possible to limit contact with the viscera” [8].
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2.4. Complications of Mesh Placement

Complications of intraperitoneal mesh have been generally classified as minor versus
major [3]. Minor complications include seromas, hematomas, recurrent pain, and superfi-
cial surgical site infections. Major complications include hernia recurrence, complications
of subsequent surgery, adhesive bowel obstruction, mesh contraction, deep prosthetic infec-
tion (i.e., mesh infection), enterocutaneous fistulae [17,18,22], and protracted medicolegal
proceedings (Table 2).

Table 2. Mesh complications.

Minor

Seroma
Hematoma
Recurrent pain
Surgical site infection

Not-validated
Autoimmune reactions
Male infertility

Major
Hernia recurrence
Complication of subsequent surgery
Adhesive bowel obstruction
Mesh contraction
Mesh infection
Enteroprosthethic fistula
Enterocutaneous fistula

2.4.1. Management of Minor Complications of Incisional Hernia Repair with Mesh

Seromas frequently complicate hernia repairs when the surgical site must be dissected
in order to create an anatomic space for mesh implantation. Surgeons have long been
taught to liberally use wound drains to prevent post-operative fluid collections and their
sequalae, such as wound dehiscence and infection. This practice, however, has not been
particularly well studied in the hernia population. [44–48]. While one recent randomized
study demonstrated no difference between the size of residual fluid collection between a
drain vs. no-drain group, they also demonstrated a significantly lower complication rate
in the drainage group, including less risk of dehiscence [46]. When a seroma does occur
post-operatively, it can most frequently be managed conservatively and most resolve with
time, especially if there are no features suggestive of superimposed infection. If the seroma
is symptomatic and persistent, we offer repeat percutaneous aspiration or drainage. As
part of the informed discussion with the patient, it is vital to reiterate that there is a small
risk of introducing infection with every aspiration. If there are concerns for potential or
actual infection, this can typically be confirmed with aspiration of the seroma, most easily
done under ultrasound guidance. If a surgical site infection (SSI) is strongly suspected or
confirmed, appropriate antibiotics should be administered early for an appropriate length
of time according to the clinical response of the wound and ideally directed by culture
results. The local microbiological characteristics of the hospital should be known, and
infectious disease consultation may be appropriate both to treat the patient properly, but
also to prevent overuse of antibiotics and development of antibiotic resistance [49]. If there
is purulence or frank pus within a wound, it should be opened, and the wound packed with
regular dressing changes. SSIs may or may not involve any contiguous mesh. Exposure
or infection within the anatomic compartment containing the mesh intuitively increases
the complexity of the problem, and a mesh infection whether acute or chronic constitutes a
major complication.
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Autoimmune Complications Have Not Been Validated

Fortunately, autoimmune reactions to mesh, while dramatized in the lay press af-
ter being suggested by a methodologically poor case series [50], have not been scientif-
ically validated [51,52]. Neither has any valid evidence to support male infertility been
published [53].

2.4.2. Major Complications of Incisional Hernia Repair with Mesh
Complications of Subsequent Surgery

When formulating a plan for repair of a ventral hernia, an important waypoint is to
consider any ramifications of the repair on any future operative interventions. For example,
mesh placement is associated with more peri-operative complications at a subsequent oper-
ation when that mesh is placed in an intra-peritoneal position [4]. Indeed, a review of such
outcomes found that, after re-laparotomy, 76% of patients with previous intraperitoneal
mesh placement had perioperative complications compared with only 29% in patients with
pre-peritoneal mesh. Moreover, in the intraperitoneal mesh group, 21% of patients required
a small bowel resection compared with none in the preperitoneal group [4].

Mesh Infection

Prosthetic mesh infection (PMI) is often a devastating complication for which there
are sparingly few well-controlled scientific studies beyond biased opinion and previous
experience [54]. The risk of mesh infection has been reported to be from 1% to as high as
25.6% depending on the technique, patient population, and type of mesh [16,23,28,41,55].
In particular, the incidence of infection depends heavily on mesh selection and surgical
technique. Polypropylene meshes have been reported to have infection rates ranging from
2.0 to 4.2%, while ePTFE infection rates may vary from 0.0% to 9.2% [56]. Multifilament
polyester meshes show the highest infection rates that may range from 7.0% to 16% [56,57].
Some authors do not consider incisional hernia repair as clean surgical cases owing to
marked infection rates in some series [58], although this has not been universally accepted.

Superficial incisional infections can typically be managed without the need for mesh
removal, nor are they influenced by the use or choice of mesh [55]. Oral antibiotic therapy
is frequently sufficient for management. However, deep prosthetic infections can have
profound deleterious effects. While the initial infection is typically acute, it can be followed
by a chronic inflammatory response that may generate further fibrosis, bowel entrapment,
and ultimately fistulization with internal or external enterocutaneous fistulae formation.
The use of open wound management with negative pressure wound therapy may often
be able to salvage an onlay polypropylene prosthetic mesh (see below). Unfortunately,
PTFE or dual-coated meshes have been reported to require complete excision and are not
amenable to such attempts at conservation due to their innate characteristics [55].

2.4.3. Salvage of Infected Mesh

It has been conventionally taught that management of a PMI will mandate removal of
the mesh [14,55]. In practice, however, this often equates to multiple reoperations, complex
wound care, and the development of a recurrent hernia potentially larger than even the
inciting defect [54,59]. Depending on the location and mesh type, it may be possible to
salvage some meshes using antibiotics, interventional radiology, conservative surgical
debridement, and negative pressure wound therapy [15,55,60]. Warren and colleagues
concluded that mesh properties and position within the abdominal wall were the primary
determinants regarding salvage of infected mesh. Notably, as demonstrated in one of
the largest series of PMI, mesh in an intra-peritoneal position was more frequently asso-
ciated with infection (58.7% of all PMI) and was rarely salvageable (2.4% of cases) [54].
Moreover, these infections were frequently associated with development of enteropros-
thetic fistulae which occurred in 17.8% of cases (53). Macroporous polypropylene mesh
was salvaged in 65% of cases (>72% when used extraperitoneally). Microporous mesh,
however, was salvaged in only 7.7% of cases (53). When a PMI was associated with a
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composite or PTFE mesh, none were salvageable. Percutaneous drainage and antibiotics
were able to salvage 34.5% of cases, all of which were microporous polypropylene or
biological mesh. Local wound care salvaged only 18.8% of meshes, of which 80% were
macroporous polypropylene [54]. The potential salvageability of polypropylene related
to other prosthetic mesh formulations has been confirmed by others [55,60]. The relative
difference in salvageability of a mesh is again related to the sizes of the pores, the weave
of the mesh, and its anatomic position. If the pores are large enough to allow white blood
cells (WBCs) to enter within the mesh, then bacteria can be eradicated by the body, and
conversely if the pores are too small, bacteria may contaminate a mesh and be physically
protected as the pore size will not admit leucocytes. A large review of vacuum-assisted
closure therapy with infected mesh confirmed the highest salvage with polypropylene
mesh (93.5%), intermediate with composite (83.3%), and none with PTFE. Furthermore,
onlay (83%) and retromuscular (98.5%) had higher rates of salvage than IPOM (56%) [60].

Although not the most favorable anatomic position biomechanically [24], the onlay
placement of a polypropylene mesh facilitates VAC therapy if necessary. Intra-peritoneal
mesh placement does not allow for this salvage therapy and may make earlier detection of
a mesh infection more difficult leading to a delay in therapy. We, therefore, question the
wisdom of placing any prosthetic mesh inside the peritoneal cavity since, when infected,
they frequently cannot be rescued and, perhaps even more significantly, can lead to highly
morbid intraabdominal sequelae. Warren and colleagues similarly concluded their report
on infected prosthetic mesh with the statement “the high proportion of patients in this
study with an IPOM technique who developed secondary mesh infection after a subsequent
abdominal operation should prompt special consideration of mesh selection and its position
within the abdominal wall [54]”.

When the decision has been made to remove infected mesh, the next question to con-
sider is how much mesh to remove? Bueno-Lledo et al., published a relatively large series
comparing complete mesh removal to partial removal for infected prosthetic mesh [55].
Partial mesh removal involved explantation of non-incorporated mesh and was less morbid
for the patient. Not unsurprisingly, complete mesh removal led to more hernia recurrence
(47.9%) and more frequent and severe post-operative complications, while persistent or
recurrent infection was noted more frequently with partial removal [55]. Thus, translating
the best evidence still requires surgical experience to balance morbidity versus benefit
for every case of mesh infection requiring operation. However, infection is not the most
concerning or serious risk of an intra-peritoneal prosthetic mesh.

2.4.4. Mesh Shrinkage, “Meshomas”, and Bowel Obstruction after Incisional Hernia Repair
with Mesh

Mesh shrinkage may have radically different implications depending on where a
mesh is implanted and whether the mesh relies upon a protective coating to avoid vis-
ceral adhesion/erosion. A “meshoma” has recently been defined as the folding or balling
up of mesh which contributes to chronic pain, hernia recurrence, and or nerve entrap-
ment [14,61]. After the implantation of any foreign object, the immune system will react
with an intensity and chronicity related to the chemical and morphological construction of
the mesh [1,2,22,62,63]. It is reported that this can result in seroma formation and encapsu-
lation as well as mesh shrinkage, sometimes by up to 60% or more [22,31,62]. Meshomas
related to intra-peritoneal mesh are also associated with bowel entrapment, obstructions,
enteroprosthetic and enterocutaneous fistulae [54]. One animal model documented that
even with “protected” composite intra-peritoneal polypropylene-based mesh, 40% of ani-
mals still developed adhesions despite the protective barriers [2]. While the risk of bowel
obstruction from adhesive disease following intraperitoneal violation is well documented,
there has been sparse literature evaluating the specific risk of bowel obstruction following
ventral hernia repair. It is highly likely that intraperitoneal placement of mesh will increase
the risk of adhesion formation and subsequent bowel obstruction and should be taken into
serious consideration when determining mesh position.
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2.4.5. Enteroprosthetic and Enterocutaneous Fistula after Incisional Hernia Repair
with Mesh

Perhaps the most feared complication of intra-peritoneal mesh placement is that of
fistula development; yet, this highly morbid sequela is poorly documented in the medi-
cal literature. Fistula creation is facilitated by erosion of the mesh into the surrounding
viscera [27]. The large series previously discussed from Warren noted that most (81%) of
enteroprosthetic fistulae were associated with IPOM mesh [54]. Patients with enteropros-
thetic fistulae tend to present much later; on average 4 years after incisional hernia repair
or subsequent surgery. The fact that many of these complications frequently occur many
years after implantation renders a five-year period of post-market surveillance for serious
complications inadequate to truly understand the health implications of intra-peritoneal
mesh. Thus, with a delayed mesh infection occurring years after the index surgery, an
enteroprosthetic fistula should strongly be suspected or anticipated [54]. This may be
partial thickness such that the mesh is adherent but with complete perforation or may be
full-thickness resulting in intestinal perforation. As the result of surrounding inflammation
and scarring, this typically does not result in acute intra-abdominal sepsis but rather in
a chronic ongoing fistula to the skin and a resultant enterocutaneous fistula. All usual
resuscitative and supportive measures for intra-abdominal sepsis may be required to sup-
port an acutely sick patient [64]. Standard measures to manage the enterocutaneous fistula
are also appropriate in this setting, allowing time to prepare for a definitive solution. The
only way to cure this complication is to perform a complete resection of the mesh and
involved viscera which may be a very morbid and complex operation. Often elderly or
comorbid patients will not be able to tolerate such surgery and a life-long acceptance of
this debilitating condition may be the only, albeit suboptimal, solution. Thus, a corollary
to the recommendation for IPOM in patients “not fit enough for open surgery” may be
the recognition that they will certainly not be fit enough for any reconstructive surgery if
required in the future.

2.4.6. Comparative Evidence Supporting the Use of Intra-Peritoneal Mesh for Incisional
Hernia Repair

Soare and colleagues recently performed a contemporary systematic review of com-
plications related to the intra-peritoneal placement of mesh [3]. They concluded that
this technique lacks rigorous follow-up, thus missing major and previously unforeseen
long-term complications. Indeed, more rigorous randomized studies are needed to justify
whether to continue with the practice [3]. Notably, joint guidelines from the European and
American Hernia Societies do not advise implanting a synthetic mesh prophylactically
in the intra-peritoneal space given the increased risk of adhesive complications [19]. Af-
ter a review of complications occurring with intraperitoneal prosthetic mesh placement,
Halm and colleagues concluded that “intra-peritoneal placement of polypropylene mesh
at incisional hernia repair should be avoided if possible” and noted that intra-peritoneal
meshes were associated with complications in 77% of cases requiring a subsequent rela-
parotomy [4]. Alternatively, the most recent Italian national guidelines on laparoscopic
treatment of ventral hernias recommended laparoscopic surgery with an intra-peritoneal
mesh in defects less than 10 cm, in the elderly, obese, and in emergency settings, but noted
generally very low evidence and commented that the uncertain risks of an intra-peritoneal
prosthesis made all their guidelines conditional [9].

3. Discussion of the Gaps

3.1. The Surgeon–Patient Relationship and Implantable Devices

No matter how complex the manufacturing–evaluation–regulatory infrastructure, it is
the individual surgeon and patient who take the irreversible leap of faith to permanently
implant a mesh within a human body. Although it is assumed by both that this mesh
protects the patient against the distress of a hernia recurrence, it also presents some degree
of life-long risk of potential infection, mesh erosion, or mesh migration [4,6,51,65]. It has
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been noted that the involvement of patients in the decision-making process of embarking
on hernia surgery can be limited [66]. Any surgeon involved in hernia surgery and utilizing
mesh products in their repair must increasingly be aware of growing medicolegal concerns
as well as the growth of patient support groups focused on problems related to the use
of “mesh” in their repairs [66]. There is also an ever-increasing level of mistrust between
patients and the “surgical industry” in general [66]. Further, the term “mesh-injured”
has appeared in the lexicon, although it may functionally encompass many interrelated
issues in the conduct of hernia repair that may have no relation to mesh whatsoever [66].
Thus, repairing hernias, long considered “bread and butter” general surgery, has become
an increasingly politicized field of surgery where surgeons who simply want the best
outcomes for their patients may unwittingly become the “bad guy/gal”. Such challenges
to this practice ought to call for increasing data collection and the output of high-quality
research to make advising patients simple and logical. Unfortunately, the converse has
proven true. Hernia research has unfortunately been referred to as an “oxymoron”. When
reviewing all the published studies concerning ventral hernias, less than 3% of published
studies were randomized-controlled trials [10,11]. However, any attempt at an organized
analysis of surgical techniques is admirably better than the analysis of surgical devices for
which there is essentially no research (discussed below).

However, despite some notable efforts, the authors soberly contend that it is a blemish
on both the profession and regulators that so little good research has been performed to
inform surgeons how to best to treat these patients. Indeed, the most recent combined
guidelines from the European and American Hernia societies noted “the limited quantity
and/or quality of the studies available to answer key questions” [19]. The frequency of this
condition, however, has provided a massive profit-making opportunity for medical device
companies who have marketed an array of technical options that have little good science
backing them. It is a further shame that regulatory bodies charged with the responsibility
to protect patients have largely abandoned this responsibility and require little or no data
regarding efficacy to approve medical devices. The authors are increasingly being required
to perform complex and morbid abdominal wall repairs involving hernia recurrence,
bowel obstructions, and the most feared complication, mesh-incorporated enterocutaneous
and enteroprosthetic fistulae. This admittedly anecdotal experience thus prompts us to
attempt to understand the Regulatory and Commercial background that complicates the
best practice of ventral incisional hernia surgery.

3.2. Not Better, Not Even Safe, Just “Substantially Equivalent” (To What?)

The world is rife with unsubstantiated conspiracy theories. Many, for example, still
believe that that the earth is flat. While it is certainly true that, historically, pharmaceuti-
cal manufacturers have grossly violated human rights and valued corporate profits over
human well-being [67], there is now strict oversight of pharmaceutical development and
marketing. Contemporary pharmaceutical companies should be complimented for having
developed and appropriately tested many life-saving and life-improving drugs [68]. The
public can also be reassured that any new pharmaceutical marketed will have undergone
a rigorous process of testing and controlled study before being allowed on the market-
place. New pharmaceuticals must undergo Phase I, Phase II, and finally rigorous Phase
III prospectively randomized adequately powered trials to conclusively demonstrate their
benefit to patients [69].

However, one global conspiracy that actually appears to be a valid concern, and
particularly affects the practice of surgery, relates to the release of medical devices for
human use. Most surgeons and patients naturally assume that the device to be implanted
will have been proven safe and efficacious. Unfortunately, this is not true [70]. Simply, the
Emperor has no clothes; and surgeons may be left holding the bag as ignorance is not a
valid legal defence. Under most existing regulations, implantable medical devices do not
have to be shown to be efficacious, or even safe, but just to be “substantially equivalent” to
some other device that has been historically used in surgery [71–75]. This means that as
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long as some surgeon previously believed that using some device was “a good idea,” any
corporation can introduce a new device to the market that is “substantially equivalent” to
the older device that was “grandfathered” into practice. The United States Food and Drug
Administration (FDA) standards of evidence relate to predicate devices (devices which can
be legally marketed and serve as a point of comparison for new devices) marketed as part
of interstate commerce prior to May 28, 1976. Beyond this “equivalence”, minimal to no
evidence of effectiveness, efficacy, or even usefulness is required to market a medical device
in Canada or the United States [74,76]. In the United States, this process is known as the 510
(k) exemption. A “510 (k)” is a “premarket submission made to the FDA to demonstrate
that the device to be marketed is as safe and effective, that is, substantially equivalent, to a
legally marketed device [77].” With an exemption to this 510 (k) policy, the approval process
no longer requires post-market surveillance for complications which ironically seems to put
the onus on surgeons to report problems rather than ensuring safety prior to market release.
Shah and colleagues recently reported that while few 510 (k)-exempt devices had any
published research even 5 years after release, and 10% of these devices were actually subject
to recalls [76]. All surgical meshes ever cleared for clinical use have been 510 (k)-exempt and
have, therefore, not required any real research [71]. Zargar and Carr reported a remarkable
analysis of the regulatory ancestral history of surgical meshes and noted that 97% of meshes
introduced between 2013 and 2015, were descended through “substantial equivalence”
from only 6 meshes present prior to 1976. Further alarming was the fact that 16% of recently
approved meshes were connected through equivalence claims to 3 predicate devices that
were actually recalled for flaws causing serious adverse events [71]. This is very concerning
as a practicing surgeon will be subjected to a constant barrage of marketing pressure to
use new devices with the reassurance that they are “approved”. The result has been the
relative uncontrolled proliferation of expensive medical devices marketed as “innovations”
with the implied message that if surgeons do not use these devices, they are “laggards”.
All practicing surgeons will surely note the great irony that individual manufacturers will
emphasize the uniqueness of their own proprietary mesh when advocating for market
share, yet twist themselves 180 degrees to emphasize the monotony of similarity with
previous mesh when applying for regularity approval. Upon review, Kahan concluded that
there was “extreme under-reporting and lack of consistency of clinically important mesh
properties” [78].

For example, the Kugel Patch consists of a product-line of hernia mesh products
introduced in the 1990s. The manufacturer received reports that these devices were failing
as early as 2002, but waited almost three years before recalling the mesh [79]. The Composix
hernia patch was recalled once it was identified that the recoil ring may break, which could
potentially lead to bowel perforation and or chronic enteric fistula [79]. This device was
also approved by the FDA 510 (k) “workaround” strategy in 2001 as being “substantially
equivalent” to a previous mesh [79]. Ultimately, the manufacturer recalled more than
137,000 of these devices between 2005 and 2007, and paid more than $180 million to settle
litigation in 2011 in the United States and $1.4 million to settle related lawsuits in Canada
in 2014 [80]. Some of the authors have personally removed entero-prosthetic fistula from
our own patients related to this device. A further comment on the confusing regulatory
science of recalled meshes on one continent is that they seem to still be available years
afterwards on other continents with differing regulations [81,82]. Even more disturbing is
that, as Zargar and colleagues have noted, recalled meshes associated with adverse effects
may, indirectly, continue to serve as predicates for new devices, thus raising significant
concerns over the safety of the regulatory approval process itself [71].

3.3. A Global Medicolegal Risk to a Hernia Surgeons

Any surgeon would be naïve to ignore the society within which they practice their
craft. Although we have taken oaths to care for our patients and to do no harm, it is
impossible to conduct ourselves according to that oath without scientific data. Scientific
reports in the medical literature regarding mesh concerns are scant, yet there is an abundant,
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almost overwhelming amount of medicolegal and opinion advocacy online. Any search of
the internet will reveal that the most prominently accessible websites will be those offering
to commence legal action by a specially focused hernia mesh lawyer. Although accurate
data are not available, the internet would suggest there are more lawyers specializing in
litigating hernia mesh lawsuits than there are surgeons specializing in mesh hernia repair.
Furthermore, these hernia mesh lawyers seem to enjoy a greater degree of confidence
regarding evidence appraisal as they dramatically “inform” patients as to, for example, the
symptoms that allergies to mesh produce while soliciting business [83]. Such conclusive
but completely science-deprived legal communications contrast starkly with carefully
appraised scientific studies that cautiously conclude that “there is little to no evidence that
the use of polypropylene mesh can lead to autoimmunity” [51,52]. However, any patient
accessing the internet will find the legal advertising rather than the appraised science.

As surgeons, we are taught to obtain our information from peer-reviewed medical
journals, and to disregard the mass of “grey literature” or frank dis-information available
on the Internet. However, such a purist approach will leave surgeons grossly unaware
of the beliefs, understandings, and opinions of the populations we attempt to serve. In
Canada, respected news media report that at least 12 brands of hernia mesh have been
recalled or removed from the Canadian marketplace since 2000, but PubMed will not reveal
this to surgeons. In fairness, the media also accurately reported that the majority of hernia
mesh patients have no problems and that data show hernia mesh improves recovery and
lowers recurrences [84]. It is thus very easy for patients to access legal websites providing
them with some basic facts regarding proprietary meshes that have been removed over
mesh-specific concerns. However, finding actual scientific data to better educate surgeons
to be experts is impossible as the topic of mesh recall seems to have been ignored by
Academia. The British Broadcasting Agency (BBC) has well stated the situation reporting
that “currently, hernia mesh devices can be approved if they are similar to older products,
which themselves may not have been required to undergo any rigorous testing or clinical
trials in order to assess their safety or efficacy” [85]. Further, the BBC further voiced the
opinion of the authors that “there is a lot of secrecy surrounding the approval of hernia
mesh, with even doctors unable to access the clinical data” [85].

There may be the awakenings of initial consciousness in regulatory agencies, however.
In 2014, after product recalls and ongoing compensation litigation, the FDA reclassified
synthetic and non-synthetic meshes for pelvic organ prolapse from Class II to Class III
devices, meaning that actual research would be required for future meshes in this category.
Unsurprisingly, no new such meshes have been introduced since [71]. The authors (who
practice hernia repair), believe that in order to enhance the protection of all patients, new
devices must be proven safe and that prospective clinical trials must the minimal standard.
We further suggest that, given the massive costs of healthcare, the safety of new devices
must also be prospectively studied in the context of patient-centric outcomes and, ideally,
economics to prove that any new device is actually “better.” Otherwise, why are they
needed in the first place?

4. Conclusions and Future Directions

Given the immense complexity of the use of mesh for incisional hernia repair, the
authors are not able to answer many of the key questions surrounding this topic. We do
conclude that prosthetic mesh repairs have benefited many patients globally. We continue
to perform prosthetic mesh-augmented incisional hernia repair, but we believe it is prudent
to avoid intra-peritoneal placement of any prosthetic mesh until adequate and conclusive
scientific studies have been completed. We further warn all surgeons that in the current
highly litigious climate, future medicolegal concerns regarding any use of mesh should be
anticipated and that current regulatory bodies of many if not most First World nations do
not appear to have prioritized the interests of patients, surgeons, or science as part of their
framework. It is thus a complex but urgent responsibility for surgeons to try to understand
the issues better and to advocate for good scientific data that will vindicate us when the
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judge states the obvious fact that “doctor, the operative reports clearly records that YOU
made the decision to implant this device”.
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Abstract: (1) Background: Rectal prolapse is a benign condition that mainly affects females and
the elderly. The most common symptoms are constipation and incontinence. The treatment of
choice is surgical, but so far, there has been no gold standard method. The aim of this study is to
compare the two most common intrabdominal procedures utilized for treating rectal prolapse: the
resection rectopexy and the mesh rectopexy. (2) Methods: In this study, we conducted a thorough
systematic review and meta-analysis of the available literature and compared the two different
approaches regarding their complication rate, recurrence rate, and improvement of symptoms rate.
(3) Results: No statistically significant difference between the two methods was found regarding the
operating time, the length of stay, the overall complication rate, the surgical site infection rate, the
cardiopulmonary complication rate, the improvement in constipation and incontinence rates, and the
recurrence rate. (4) Conclusions: Our study revealed that mesh rectopexy and resection rectopexy
for rectal prolapse have similar short- and long-term outcomes. As a result, the decision for the
procedure used should be individualized and based on the surgeon’s preference and expertise.

Keywords: rectal prolapse; resection rectopexy; mesh rectopexy

1. Introduction

Rectal prolapse is a rare, benign disease that has an incidence of 0.5% in the general
population. It mainly affects females and the elderly. It is defined as the full-thickness
protrusion of the rectal wall through the anus (external prolapse) [1]. On the other hand,
internal rectal prolapse is defined as intussusception of the rectum above the level of the
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sphincteric mechanism [1]. The most predominant risk factors for rectal prolapse include
old age, straining, traumatic vaginal delivery, or multiple vaginal deliveries. Nonetheless,
in younger patients, the risk factors include chronic psychiatric diseases, previous pelvic
surgery, redundant sigmoid colon, inflammatory bowel disease or colitis, irritable bowel
syndrome, family history of gastrointestinal diseases, uterovaginal prolapse, solitary rectal
ulcer, and Ehlers–Danlos syndrome [2]. Usually, rectal prolapse presents with fecal inconti-
nence, constipation, or both, while it is also associated with blood and mucous discharge
from the anus [3]. The diagnosis and assessment of external rectal prolapse do not usually
require any specific diagnostic investigation, apart from the cases where fecal incontinence
is present. Nonetheless, in the assessment of internal rectal prolapse, various diagnostic
modalities may be useful, such as barium dynamic assessment and magnetic resonance or
isotope defecography. Treatment of rectal prolapse is mainly surgical. Currently, there have
been more than 120 techniques described in the literature, but there is a lack of consensus
regarding the best available option, and no gold standard method has been suggested
so far [4,5]. However, only a few procedures are routinely applied [1]. Generally, these
procedures can be separated into two large categories: the ones that are carried out using
a peritoneal approach and the ones that are performed through a perineal approach. The
latest guidelines published by the American Society of Colorectal Surgeons suggest that for
patients with satisfactory performance status and acceptable risk, a peritoneal approach
should be used as it leads to lower recurrence rates and more satisfactory functional out-
comes [1]. Nowadays, the most frequently used peritoneal procedures include the resection
rectopexy and mesh rectopexy [4–8].

These operations can be carried out by open, laparoscopic, or robotic approach [9,10].
All of them include elevation of the rectum out of the pelvis in order to correct the protru-
sion, followed by stabilization (rectopexy) with different methods on the presacral fascia [2].
Resection rectopexy, also known as the Frykman–Goldberg procedure [11], consists of
sigmoidectomy, tension-free anastomosis of the colon, and rectopexy with sutures on the
presacral fascia [10]. During this procedure, the mesorectum is initially dissected to the
level of the pelvic floor, both anteriorly and posteriorly. The level reached corresponds to
the upper edge of the external sphincter, while the lateral ligaments are left completely
intact. After the resection is complete, the Douglas’ pouch or the rectovesical space is recon-
structed by suturing the peritoneum to the right and left of the rectum. The rectopexy is
completed by suturing the anterior rectal wall to the peritoneum. Mesh rectopexy without
resection is another alternative that consists of a mesh or biological graft placement to
reinforce either the anterior rectum or to fixate the rectum on the sacrum [12–15]. In this
procedure, the initial dissection is similar to the one carried out for the resection rectopexy.
However, after the level of the pelvic floor muscles is reached, a mesh is used to complete
the rectopexy. The mesh is usually fashioned in a spatula shape and is placed anteriorly
to the rectum. It is then fixated to the sides of the rectum using absorbable sutures and
then fixated to the sacral promontory. The adhesive material can also be used to secure
the mesh to the anterior rectal wall. Finally, the mesh is covered by approximating the
pelvic peritoneum.

The purpose of our current study is to assess whether one of the above-mentioned
procedures (resection rectopexy or mesh rectopexy) has better outcomes than the other.
These procedures were compared regarding their complication rate, recurrence rate, and the
patients’ quality of life postoperatively (constipation and fecal incontinence improvement).

2. Materials and Methods

This systematic review and meta-analysis were carried out without a pre-existing
registered protocol. It has been prepared by strictly adhering to the PRISMA checklist. A
thorough and systematic literature search was performed to identify studies that compared
the postoperative outcomes of resection rectopexy and mesh rectopexy for treating rectal
prolapse. The databases that were looked into for relevant studies published in English
were MEDLINE, Scopus, and Cochrane Library databases until 31 May 2023. An addi-
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tional search to identify any available grey literature was carried out on the websites of
international colorectal associations and on the abstract books of relevant conferences. The
search of the MEDLINE database was carried out using the following search string: ((rectal
prolapse[MeSH Terms]) AND (resection rectopexy)) AND (mesh rectopexy). Similar search
strings were used for the other databases.

Firstly, two independent researchers (I.K. and G.G.) performed a detailed search of
the above-mentioned databases. The inclusion criteria to which the generated studies were
compared to were the following: (1) studies performed on human patients; (2) patients
suffering from rectal prolapse undergoing operative treatment with either resection or mesh
rectopexy; (3) articles written in English; and (4) articles having sufficient and extractable
data on the operating time, length of stay, complication rate, recurrence rate and constipation
and incontinence improvement rate. When there was a case of disagreement between the
two reviewers, another experienced reviewer (N.T.) provided their opinion, and the ultimate
decision on these studies was based on either a consensus or the majority opinion.

Data extraction was performed by two independent members of the research team
(V.A. and E.C.-W.), and their findings were confirmed by a third assessor (A.P.). Extracted
data from each article include the first author’s name, the publication date, the study design,
the number of patients included, the patients’ demographics (age and sex), the type of
procedure they underwent, the operating time, the length of stay, the overall complication
rate, the surgical site infection rate, the cardiopulmonary complication rate, the recurrence
rate, the improvement of constipation and improvement of incontinence rate and the
mortality rate.

In this meta-analysis, all statistical analyses were conducted by utilizing Reviewer
Manager 5.4.1 software [Review Manager (RevMan) (computer program) version 5.4.1,
Copenhagen: The Nordic Cochrane Centre, Denmark, the Cochrane Collaboration, 2020]
and STATA version 16.1. The data in this study are presented as mean ± standard deviation,
while odds ratios (ORs) and weighted mean differences (WMDs) with a confidence interval
(CI) of 95% were calculated for dichotomous and continuous variables, respectively. The
level of statistical significance was set at a p-value of less than 0.05. When large hetero-
geneity among the studies (I2 ≥ 50%) was present, a random effects model was applied,
while in cases of low heterogeneity, a fixed effects model was utilized. When a random
effects model was applied, sensitivity analysis was carried out at the levels of I2 = 50% and
I2 = 25% to assess the effect of the large heterogeneity of the studies on the outcome of
the meta-analysis. The publication bias was assessed by designing the respective Begg’s
funnel plot. Trial sequential analysis (TSA) was also carried out to evaluate whether the
sample size in each analysis was enough to yield valid results or if further studies were
needed. The software used to conduct TSA was Trial Sequential Analysis (TSA) (computer
program) version 0.9.5.10 beta, Copenhagen Trial Unit, Centre for Clinical Intervention
Research, Capital Region, Copenhagen University Hospital—Rigshospitalet, 2021.

The potential risk of bias across the studies that were included in this systematic review
and meta-analysis was assessed using the ‘Cochrane Collaboration tool for assessing the
risk of bias’ as integrated into the Review Manager 5.4.1 software, and the outcomes are
presented in a risk of bias graph and a risk of bias summary.

3. Results

The initial literature search of the online archives resulted in a collective number of
160 articles, while one more was revealed through the search for grey literature. Following
the removal of duplicates, the number of articles was brought down to 148. Afterward, the
identified studies were screened according to their title and abstract, ultimately resulting in
48 articles eligible for full-text analysis. The remaining articles were not included because
they investigated different research questions to the one of our study, or on the grounds of
including non-adult patients, or because the required data were not extractable. Following the
full-text analysis, eight studies in total [12–19] were eligible for inclusion in the qualitative and
quantitative analysis. The selection process of the included articles can be found in Figure 1.
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Figure 1. PRISMA flowchart depicting the study selection method.

The manuscripts included in the final analysis were published between 1992 and 2018.
Three of these studies were prospective and randomized, while the rest were retrospective.
The total number of patients included in these studies was 483, with 207 undergoing
resection rectopexy and 276 undergoing mesh rectopexy. The basic characteristics of each
individual article can be found in Table 1.

Two [11,12] out of the eight selected studies had extractable data on the operating time
of the procedures carried out, and our statistical analysis showed that the two methods
did not differ significantly (WMD 68.16, 95% CI −30.28 to 166.6). This analysis is shown in
Figure 2. However, the sensitivity analysis of this random effect model with I2 = 50% and
I2 = 25%, revealed a statistically significant difference indicating longer operative time in
cases of resection (WMD 53.15, 95% CI 24.37 to 81.93, p < 0.001 and WMD 44.85, 95% CI
23.22 to 66.48, p < 0.001, respectively). Similarly, two studies [11,16] provided data on the
length of stay, and the meta-analysis revealed similar outcomes between the two methods
(WMD 0.65, 95% CI −0.16 to 1.45). This outcome is shown in Figure 3.

Regarding the overall complication rate, six studies provided data [10–13,16,17], and
the meta-analysis showed that the two methods did not differ significantly (OR 1.56, 95%
CI 0.62 to 3.96). This finding is demonstrated in Figure 4. The sensitivity analysis of this
random effects model meta-analysis with I2 = 50% and I2 = 25% confirmed the above
findings (logOR −0.37, 95% CI −1.13 to 0.38, p = 0.334 and logOR −0.23, CI 95% −0.83 to
0.35, p = 0.433, respectively). Also, a statistical analysis of the rate of surgical site infections
that was mentioned in three studies showed that the two methods under study had similar
outcomes (OR 1.39, 95% CI 0.37 to 5.23). This outcome is shown In Figure 5. Furthermore,
the comparison of the cardiopulmonary complication rate that was mentioned in five
studies showed that the two methods under investigation did not differ significantly (OR
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2.01, 95% CI 0.78 to 5.22). This outcome is shown in Figure 6. Moreover, only one case of
death was reported by Luukkonen et al. in the resection group on the second postoperative
day due to myocardial infarction.

Table 1. Primary characteristics of the selected articles [12–19].

Authors Study Type
Resection
Rectopexy

(n)

Mesh
Rectopexy (n)

Age in the
Resection Group
[Mean ± SD or

Median
(min, max)]

Age in the Mesh
Group [Mean ± SD

or Median
(min, max)]

Sex
(Male/Female)

McKee et al. [16] Prospective,
randomized 9 9 69 ± 4 70 ± 4 4/14

Luukkonen
et al. [15]

Prospective,
randomized 15 15 65.6 66.8 2/28

Benoist et al. [13] Retrospective 18 14 53.5 ± 20.8 66.3 ± 17.3 3/29

Demirbas et al. [14] Retrospective 13 20 25.3 (21–33) 24.7 (19–57) 31/2

Lechaux et al. [17] Retrospective 13 35 53 (18–87) 4/44

Senapati et al. [19] Prospective,
randomized 32 35 58 ± 18 58 ± 16

10/68
(10 patients lost in

follow-up)

Forminje Jonkers
et al. [18] Retrospective 28 40 50.1 ± 17.9 67.0 ± 15.4 4/64

Carvalho et al. [12] Retrospective 79 108 53.86 ± 19.33 59.03 ± 17.0 12/175

Figure 2. Forest plot of the analysis of the operative time of the compared procedures [13,14].

Figure 3. Forest plot of the analysis of the length of stay of the compared procedures [13,18].

Figure 4. Forest plot demonstrating the comparison of the overall complication rate [12–15,18,19].
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Figure 5. Forest plot demonstrating the comparison of the surgical site infection rate [12,15,18].

Figure 6. Forest plot demonstrating the comparison of the cardiopulmonary complication rate [12–15,18].

Regarding the long-term post-operative outcomes, there are comparable outcomes
in the rate of constipation improvement between the two methods (OR 12.59, 95% CI
0.13 to 12.59). This outcome is shown in Figure 7. As this meta-analysis was carried out with
an random effects model due to the large heterogeneity, we conducted a further sensitivity
analysis with I2 = 50% and I2 = 25%, which confirmed our findings (logOR −0.123, CI 95%
−0.186 to 1.61 p = 0.889 and logOR −0.04, CI 95% −1.38 to 1.30, p = 0.953). Moreover, the
two techniques had comparable outcomes in the rate of incontinence improvement (OR 1.60,
95% CI 0.65 to 3.91). This outcome is shown in Figure 8. Finally, no statistically significant
difference between the two methods was identified when comparing the recurrence rate
(OR 0.42, 95% CI 0.14 to 1.30). This comparison is demonstrated in Figure 9.

Based on the designed Funnel plots, no publication bias was identified across all the
studies selected in all eight analyses performed. These outcomes are portrayed in Figure 10.
Nonetheless, the trial sequential analysis performed revealed that more studies are required
to corroborate our findings for all the comparisons made, apart from the operative time
where the number of patients was sufficient to draw valid conclusions. The outcomes of
the trial sequential analysis are shown in Figure 11.

Figure 7. Forest plot of the analysis of the constipation improvement rate [13,15,17,18].
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Figure 8. Forest plot of the comparison of the incontinence improvement rate [13,15,17,18].

Figure 9. Forest plot of the comparison of the recurrence rate [12,15,16,18,19].

Figure 10. Cont.
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Figure 10. Funnel plots of the analyses performed indicating that there was no publication bias
among the selected studies. (a) Funnel plot of comparison of operative time, (b) funnel plot of
comparison of length of stay, (c) funnel plot of comparison of overall complication rate, (d) funnel
plot of comparison of surgical site infection rate, (e) funnel plot of comparison of cardiopulmonary
complication rate, (f) funnel plot of comparison of constipation improvement rate, (g) funnel plot of
comparison of incontinence improvement rate, and (h) funnel plot of comparison of recurrence rate.

Figure 11. Cont.
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Figure 11. Outcomes of trial sequential analysis showing that the number of the included studies
was sufficient to draw definite conclusions only for the first meta-analysis. (a) TSA of meta-analysis of
operative time, (b) TSA of meta-analysis of length of stay, (c) TSA of meta-analysis of overall complication
rate, (d) TSA of meta-analysis of surgical site infection rate, (e) TSA of meta-analysis of cardiopulmonary
complication rate, (f) TSA of meta-analysis of constipation improvement rate, (g) TSA of meta-analysis
of incontinence improvement rate, and (h) TSA of meta-analysis of recurrence rate.

Finally, the outcome of the assessment of potential bias in the included studies in this
systematic review and meta-analysis is shown in Figures 12 and 13. According to this
assessment, there is a significant risk of selection bias due to inadequate randomization and
inadequate concealment prior to the intervention. This could have potentially affected the
outcomes as the interventions were either based on availability, the surgeon’s preference,
or on the patient’s specific symptoms as part of an individualized approach. Nonetheless,
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despite the lack of blindness, there is a low risk of performance and detection bias as the
outcomes were judged using various valid scoring systems of post-operative performance
or they were assessed using investigations such as anal manometry. Finally, there is a low
risk of attrition, and as there were no missing outcome data, the risk of reporting bias is
low to unclear as half of the included studies did not report all of the outcomes that were
of interest in our systematic review and meta-analysis.

 

Figure 12. Risk of bias graph showing the percentage of bias that each study introduced in our
meta-analysis.

 

Figure 13. Risk of bias summary showing the level of risk of bias for each study included in the
meta-analysis [12–19].
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4. Discussion

Based on our review of the literature and as far as we can tell, this is the first meta-
analysis that specifically compares the outcomes of resection rectopexy to mesh rectopexy
for the management of rectal prolapse. Our results show that both procedures have similar
outcomes regarding operative time, length of stay, recurrence rate, and complication rate,
as well as similar outcomes regarding improvement of fecal incontinence and constipation.
Nonetheless, the trial sequential analysis demonstrated that more studies will be required to
confirm our findings. As a result, each patient will require an individualized approach, and
the decision will ultimately rest with the operative surgeon and their personal experience
and preference regarding the procedure of choice.

According to our review of the literature, so far, there have been some systematic re-
views for the operative management of complete rectal prolapse that include abdominal ap-
proaches, but most of them compare other techniques, such as ventral mesh rectopexy and
suture rectopexy (without sigmoidectomy), or they compare different approaches (mainly
robotic and laparoscopic). From those that include abdominal approaches, Tou S. et al. [3]
conclude that there are still not enough data to conclude which of the abdominal procedures
is more effective. Although they conclude that bowel resection was associated with lower
constipation rates, they believe that the usefulness of their results to guide clinical decisions
is limited due to some limitations of the included studies. Another systematic review by
Hotouras et al. in 2015 on the operative management of recurrent rectal prolapse was
unable to come up with a management algorithm for recurrent rectal prolapse as a result
of the wide variety of surgical procedures utilized and the low level of evidence within
heterogeneous articles [20]. However, they report recurrence rates from 0% to 15% for
abdominal procedures, with morbidity rates ranging from 0% to 32% and a mortality of
4%. Another systematic review by Faucheron et al. [21] included twelve case series with a
total number of 574 patients that underwent laparoscopic anterior rectopexy and reported
a mean recurrence rate of 4.7% with a median follow-up of 23 months. Also, constipation
improved within a range of 3–72%, but deterioration or new appearance of constipation
occurred in 0–20%. Incontinence improved in 31–84% of the patients. Moreover, in an-
other meta-analysis of eight studies with a total number of 467 patients performed by
Cadeddu et al., there were similar outcomes in recurrence, incontinence, and constipation
improvement rates between laparoscopic and open abdominal rectopexy [22]. Also, regard-
ing non-comparative trials, there was no statistically significant difference in recurrence
rate in open and laparoscopic suture rectopexy studies and in open and laparoscopic mesh
rectopexy trials [20]. Furthermore, another meta-analysis of 5 comparative studies by
Hajibandeh et al. showed that laparoscopic mesh rectopexy has a lower recurrence rate
but longer procedure time when compared to laparoscopic posterior suture rectopexy [23].
Finally, regarding the optimal method of approach, laparoscopic surgery has comparable
outcomes with open in terms of morbidity and recurrence rate, while it has a shorter
hospital stay [24]. The robotic approach has been revealed to have equal post-operative
outcomes and an even shorter hospital stay [25,26].

Another interesting study that focused on the management of rectal prolapse in men
was carried out by Poylin et al. in 2019 [27]. According to this multicenter retrospective
review of 58 male patients who underwent surgical repair for rectal prolapse, thirty-nine
(67%) patients underwent an abdominal procedure. These patients were younger and had
a lower American Society of Anesthesiologists (ASA) score. The overall complication rate
in this study was 26%, with the most common complication being urinary retention (16%).
However, this was more common in perineal procedures. Also, the overall recurrence rate
was 9%, with similar outcomes between the abdominal and perineal procedures. Regarding
the long-term outcomes of this study, the constipation rate decreased from 59% to 36%, and
fecal incontinence decreased from 40% to 14%. Nonetheless, 5% of the patients reported
a new onset of constipation, and 7% developed new symptoms of incontinence. On top
of that, 3% of the patients reported post-operative symptoms of sexual dysfunction. This
study concludes that although surgical repair of rectal prolapse in men is a safe surgical
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procedure with a low recurrence rate, more studies are needed to identify which is the best
surgical approach [26]. Another study that focused on the management of rectal prolapse in
male patients was published in 2022 by Hu et al. [28]. This study performed a retrospective
comparison between abdominal and perineal procedures for the management of external
rectal prolapse. It included a total number of 51 patients and ultimately revealed that a
perineal approach, either Altemeier or Delorme procedure, carries a higher complication
and recurrence rate. Also, regarding the long-term functional outcomes, constipation
was improved in both approaches, but fecal incontinence deteriorated with an abdominal
approach. Nonetheless, patients in both groups reported an overall improvement in their
quality of life, as assessed by the EuroQol 5-Dimension 5-Levels quality of life questionnaire.
The matter of the management of rectal prolapse in male patients was also investigated
by Ganapathi et al., who also published the outcomes of their study in 2022 [29]. They
compared the outcomes of modified laparoscopic posterior mesh rectopexy (LPMR) to
the ones of laparoscopic resection rectopexy (LRR) on a total number of 118 male patients.
According to their findings, the mean operative time for LPMR was 102 ± 22 min and
121 ± 26 min for LRR, while the length of stay was 4.6 ± 1.4 days and 6.3 ± 1.2 days,
respectively. Also, there were 12 cases of complications in the LPMR group and 5 cases
of complications in the LRR group. Finally, two patients in each group reported post-
operative constipation that improved with laxatives. The authors of this study conclude
that randomized trials comparing these two methods will be required to establish if one of
them is superior to the other.

Recently, an alternative to the classic operative approach for the management of rectal
mucosal prolapse has been reported by Liu et al. [30]. The authors have reported the use of
cap-assisted endoscopy sclerotherapy (CAES) to treat outlet obstructive constipation caused
either by internal hemorrhoids or rectal mucosal prolapse. In this technique, a sclerosing
agent is injected above the dental line at the area of loose submucosa via a colonoscope
bearing a regular cap at its top. Based on the results of the pre- and post-operative anorectal
manometry, CAES leads to a statistically significant increase in the maximum defecation
pressure, a significant decrease in the rectal residual pressure, and a significant increase in
the relaxation rate. There were no severe adverse side effects reported in this study. Another
interesting aspect of rectal prolapse is the management of irreducible rectal prolapse that
presents as a surgical emergency. In such a case, the rectum becomes edematous, it begins
to ulcerate, and it cannot be reduced manually by the patient [31]. Seenivasagam et al. [31]
reported a case series of 15 patients who presented with irreducible rectal prolapse from
2006 to 2010. In five of these patients, reduction was achieved by gentle manipulation
under analgesia, while in two cases, reduction was achieved after applying sugar to the
prolapsed rectum. The remaining cases were treated under general anesthesia with various
techniques applied. In one case, general anesthesia was enough for successful reduction.
One more patient underwent Delorme’s procedure, and two more underwent laparotomy
and Well’s repair. The remaining cases were managed by either abdominal or perineal
bowel resection.

In the latest guidelines published by the American Society of Colorectal Surgeons,
it is mentioned that sigmoidectomy can be performed in patients who suffer from rectal
prolapse and constipation, in addition to posterior suture rectopexy (recommendation:
1B) [1]. Furthermore, it is noted that improvement of fecal incontinence rate may be lower
when sigmoidectomy is carried out [1]. Nonetheless, our results suggest that sigmoid
resection does not affect the postoperative functional outcomes. While it is widely accepted
that rectopexy is essential for the operative management of full-thickness rectal prolapse
through the peritoneal approach, in the same guidelines, it is mentioned that there is no
evidence that the use of different kinds of meshes for the rectopexy is superior to the sutures
alone [1]. In our meta-analysis, mesh placement was found not to be superior to resection
rectopexy. As a consequence, and taking into account the lack of consensus on the optimal
surgical technique for the management of rectal prolapse, an individualized approach for
each patient is required, while the surgeon’s preference and expertise will also play a major
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role. Clinicians should take into account each patient’s specific symptoms, anatomy, and
bowel habits, as well as their pre-operative expectations. A thorough pre-operative workup
will also be a deciding factor and should include physical examination, colonoscopy and
proctoscopy, and, in specific cases, defecography and anal manometry.

This study has certain limitations. The articles included in the analysis were not
randomized clinical trials, and there was no blinding of the researchers involved. This lack
of randomization may have introduced a selection bias as, in such cases, patients tend to
be allocated to the treatment that seems more beneficial to them. Other forms of bias that
could have potentially affected our outcomes include bias due to missing data as a result
of patients being lost to follow-up and bias in the selection of the reported results that
prevents the estimate from being included in the meta-analysis. Moreover, lack of blinding
could have introduced performance bias and bias in the measurement of the outcomes with
an overestimation of the treatment effect as the assessors were aware of the intervention
status. Also, despite including a total number of eight studies, not all of them provided
extractable data to be included in every comparison performed.

5. Conclusions

The findings of our article show that mesh rectopexy and resection rectopexy for
rectal prolapse have comparable outcomes, with neither of these methods demonstrating
any superiority over the other in terms of complication rate, long-term outcomes, and
recurrence rate. Therefore, the operative approach selected should mainly rely on the
surgeon’s preference and expertise. However, as indicated by the trial sequential analysis
performed, more studies are required to consolidate our findings. We suggest that future
researchers focus on performing randomized trials with independent assessors evaluating
the outcomes of the procedures. We also suggest that these assessors are blinded to the
original surgical technique that was utilized for each case.
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Abstract: Background: Abdominoperineal resection (APR) has been advocated for persistent or
recurrent disease after failure of chemoradiation (CRT) for anal squamous cell cancer (SCC). Treatment
with salvage APR can potentially achieve a cure. This study aimed to analyze oncological outcomes
for salvage APR in a recent time period at a comprehensive cancer center. Methods: A retrospective
review of all patients who underwent APR for biopsy-proven persistent or recurrent anal SCC
between 1 January 2007 and 31 December 2020 was performed. Patients with stage IV disease at
the time of initial diagnosis and patients with missing data were excluded. Univariate analysis
was used with a chi-square test for categorical variables, and non-parametric tests were used for
continuous variables. Kaplan–Meier survival analysis was performed to evaluate disease-specific
(DSS), post-APR local recurrence-free (RFS), and disease-free survival (DFS). Results: A total of
96 patients were included in the analysis: 39 (41%) with persistent disease and 57 (59%) with
recurrent SCC after chemoradiation had been completed. The median follow-up was 22 months (IQR
11–47). Forty-nine patients (51%) underwent extended APR and/or pelvic exenteration. Eight (8%)
patients developed local recurrence, 30 (31%) developed local and distant recurrences, and 16 (17%)
developed distant recurrences alone. The 3-year DSS, post-APR local recurrence-free survival, and
disease-free survival were 53.8% (95% CI 43.5–66.5%), 54.5% (95% CI 44.4–66.8%), and 26.8% (95% CI
18.6–38.7%), respectively. In multivariate logistic regression analysis, positive microscopic margin (OR
10.0, 95% CI 2.16–46.12, p = 0.003), positive nodes in the surgical specimen (OR 9.19, 95% CI 1.99–42.52,
p = 0.005), and lymphovascular invasion (OR 2.61 95% CI 1.05–6.51, p = 0.04) were associated with
recurrence of disease. Gender, indication for APR (recurrent vs. persistent disease), HIV status,
extent of surgery, or type of reconstruction did not influence survival outcomes. Twenty patients had
targeted tumor-sequencing data available. Nine patients had PIK3CA mutations, seven of whom
experienced a recurrence. Conclusions: Salvage APR for anal SCC after failed CRT was associated
with poor disease-specific survival and low recurrence-free survival. Anal SCC patients undergoing
salvage APR should be counseled that microscopic positive margins, positive lymph nodes, or the
presence of lymphovascular invasion in the APR specimen are prognosticators for disease relapse.
Our results accentuate the necessity for additional treatment strategies for the ongoing treatment
challenge of persistent or recurrent anal SCC after failed CRT.

J. Clin. Med. 2024, 13, 2156. https://doi.org/10.3390/jcm13082156 https://www.mdpi.com/journal/jcm160
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1. Introduction

Anal cancers are rare, comprising about 0.5% of all new cancer diagnoses in the United
States in 2023, with squamous cell carcinoma being the most common subtype [1]. Prior to
the 1980s, patients with anal SCC would routinely undergo abdominoperineal resections
(APR), with considerable morbidity. Since the Nigro protocol was first published in 1974,
multiple trials have shown improved disease-free survival and colostomy-free survival
with combined modality therapy, making chemoradiation with mitomycin-c and 5-FU
the standard of care for locoregional disease today [2–6]. Combined modality therapy
offers a long-term survival of up to 90% for patients without distant metastases [7,8]. As
the incidence of anal squamous cell carcinoma increased over time, the treatment of local
recurrence and persistent disease after combined modality therapy has become a treatment
challenge [9].

After multimodal therapy, local failure—defined as persistent disease after 6 months,
progression of disease, or recurrent disease—has been described in up to 30% of
patients [2,5,10,11]. Currently, the mainstay of treatment for locoregional failure after
chemoradiation for anal SCC is APR, with little proven benefit of adjuvant chemotherapy
or radiation. Surgical outcomes feature high morbidity rates of up to 80%, with patients
commonly experiencing complications like perineal dehiscence or infection [12]. Due to
the rarity of the disease, reports of the oncologic outcomes of salvage APR are sparse and
heterogenous due to small sample sizes and varying CRT regimens [11,13–15].

The aim of the present report is to analyze oncological outcomes for salvage APR for
persistent/recurrent anal SCC in a contemporary timeframe at a comprehensive cancer
center and identify potential predictors of poor prognosis.

2. Methods

2.1. Patient Selection

This retrospective review was approved by the institutional review board of Memorial
Sloan Kettering Cancer Center (MSK) with a waiver of informed consent. A retrospective
review identified patients who underwent APR for biopsy-proven anal SCC at MSK from
January 2007 to December 2020. Patients with stage IV disease, synchronous cancer, or lack
of follow-up were excluded. Demographic and treatment data were obtained via chart
review, including age, surgery type, indication for surgery, HIV status, treatment regimen,
pathology results, and oncologic outcomes.

2.2. Treatment

Patients were treated with chemoradiation therapy (CRT), and the primary tumor
intended radiation dose varied from 50 Gy to 58 Gy depending on T stage and nodal size.
Patients predominantly received mitomycin (MMC) and fluorouracil (5-FU) infusion or oral
capecitabine as concurrent chemotherapy. MMC was administered during weeks 1 and 5 of
treatment, infusional 5-FU was administered during weeks 1 and 5, and capecitabine was
administered orally twice daily on radiation treatment days. Following CRT, patients were
surveilled with anoscopy every 6 to 12 months and annual imaging with CT or MRI for
3 years. Local failure after CRT was defined as persistent disease at 6 months after CRT, local
recurrence, and progression of disease during therapy. Patients who had persistent disease
within 6 months of finishing chemoradiation were recommended to undergo surgery.

Surgical treatment of local failure included APR, extended APR, or pelvic exenteration.
Extended APR involved performing a standard APR procedure with the resection of
contents from one additional pelvic compartment or a lateral or inguinal lymph node
dissection. Surgeries that included a cystectomy and APR were considered total pelvic
exenterations. Indications for an extended APR were tumor extension to the pelvic sidewall
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or adjacent organs such as the posterior vaginal wall or the prostate. Involvement or close
proximity (within 1–2 mm) of the tumor to the urethra or bladder was an indication of
pelvic exenteration.

2.3. Statistical Analysis

Statistical analysis was performed using SPSS version 27 (IBM). Frequencies and per-
centages were calculated for categorical variables, and medians and ranges were calculated
for continuous variables.

A Kaplan–Meier analysis was performed to estimate 3-year disease-specific survival
(DSS), post-APR relapse-free survival (RFS), and disease-free survival (DFS) of the cohort.
Multivariate logistic regression analysis was performed to evaluate the effect of several
clinical and pathological variables on RFS; a p-value < 0.05 was considered statistically
significant.

This paper was prepared in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology guidelines [16].

3. Results

3.1. Patients and Tumor Characteristics

A total of 104 patients with anal SCC underwent APR during the study period, 96 of
whom were included in the analysis. Patients with synchronous tumors (n = 2), stage IV
disease (n = 2), missing follow-up information (n = 2), or who had upfront surgery (n = 2)
were excluded. Patient and tumor characteristics are summarized in Table 1.

Table 1. Patient and tumor characteristics.

Characteristics N = 96 (%)

Median age in years (range) 63 (33.87)
No. (%) male 39 (40.6)

No. (%) HIV a (+) 17 (17.7)
Primary tumor treatment regimen, n (%)

5-FU/capecitabine + MMC b/cisplatin+ RT 86 (89.6)
5-FU + RT 6 (6.2)
RT alone 4 (4.2)

Indication for surgery
Persistent 39 (40.6)
Recurrent 57 (59.4)

AJCC c pathological stage, n (%)
0 7 (7.3)
is 1 (1.0)
I 7 (7.7)
II 32 (33.3)
III 49 (51.0)

Pathological T classification, n (%)
pT0/Tis 9 (9.4)

pT1 7 (7.3)
pT2 31 (32.3)
pT3 18 (18.7)
pT4 31 (32.3)

Pathological N classification, n (%)
pN− 77 (80.2)
pN+ 19 (19.8)

a HIV, Human Immunodeficiency Virus; b Mitomycin C; c AJCC, American Joint Committee on Cancer.

The median age was 63 years (range 33–87), and 39 (40.6%) patients were male.
Seventeen (17.7%) of the patients tested positive for the human immunodeficiency virus
(HIV). The indication for salvage APR was persistent disease in 39 (40.6%) patients and
local recurrence in 57 (59.4%) patients. All but 10 patients received MMC or cisplatin and
5-FU or capecitabine-based CRT. The remaining patients had either RT alone or 5-FU and
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CRT (Table 1). The median radiation dose was 54 Gy (range 28–70 Gy), and the median
follow-up time was 22 months (IQR 11–47). Seven (7.3%) of the patients had a complete
pathologic response after CRT, yet most patients had pathologic stage III disease (n = 49;
51.0%) in their surgical specimens. Twenty (20.8%) patients had microscopic tumors or R1
disease, and 19 (19.8%) patients had positive lymph nodes in their surgical specimens. Six
(6.3%) patients underwent adjuvant chemotherapy with or without radiation.

Of the patients in our cohort, 20 had targeted tumor-sequencing genetic testing avail-
able (MSK-IMPACT), 15 of which were from primary anal SCC, and 5 were from recurrent
sites. Nine patients had PIK3CA mutations, seven of whom experienced a recurrence.

3.2. Surgical Technique and Complications

The majority of patients underwent an APR alone (n = 43, 44.8%) or an extended APR
combined with a posterior vaginectomy, prostatectomy, coccygectomy, pelvic sidewall dis-
section, or inguinal lymph node dissection (n = 44; 45.8%). Five (5.2%) patients underwent a
posterior pelvic exenteration, and four (4.2%) had a total pelvic exenteration. Two patients
(2%) underwent inguinal lymph node resection due to PET-avidity on preoperative imag-
ing, both of which were confirmed to be metastatic lymphadenopathy on final pathology.
Six (6.3%) patients had intraoperative radiation therapy. Most patients had a vertical rectus
abdominis musculocutaneous (VRAM) flap for perineal reconstruction (Table 2).

Table 2. Surgical Intervention and Complications.

Characteristics N = 96 (%)

No. (%) type surgical approach
APR 43 (44.8)
Extended APR a 44 (45.8)
Pelvic Exenteration, posterior b 5 (5.2)
Pelvic Exenteration, Total 4 (4.2)

No. (%) type perineal wound closure
Primary 15 (15.6)
Gluteal Flap 8 (8.3)
Gracilis Flap 4 (4.2)
VRAM 69 (71.9)

No. (%) surgical complications by Clavien–Dindo grade
1–2 8 (8.3)
3–5 19 (19.8)

No. (%) positive margin resection 20 (20.8)
a Includes rectum and any of the following: partial vaginectomy, prostatectomy, pelvic sidewall dissection,
coccygectomy, or inguinal lymph node dissection. b Includes APR with a total hysterectomy and bilateral
salpingo–oophorectomy.

The thirty-day morbidity rate was 28.1% (n = 27), with 20.8% (n = 20) of the cohort
experiencing at least a grade 3 complication. The most common adverse event was wound
dehiscence, occurring in 10 (10.4%) patients (Table 2). The rate of serious (Clavien–Dindo
grade ≥ 3) was unrelated to the extent of surgery; in other words, patients who underwent
APR had similar 30-day complication rates to those who had a more extensive operation
(OR 0.88, 95% CI 0.321–2.40, p = 0.801).

3.3. Disease-Specific, Recurrence-Free, and Disease-Free Survival

A Kaplan–Meier Survival analysis was performed to evaluate DSS, RFS, and DFS.
With a median follow-up of 22 months (IQR 11 to 47), the 3-year disease-specific survival
(DSS), post-APR local recurrence-free survival (RFS), and disease-free survival (DFS) were
53.8% (95% CI 43.5 to 66.5%), 54.5% (95% CI 44.4 to 66.8%), and 26.8% (95% CI 18.6 to
38.7%), respectively (Figures 1–3, respectively). Patients who had a complete pathologic
response upon surgical resection did not experience a local recurrence or disease-related
death. Three (50%) of the six patients who underwent IORT experienced local recur-
rence. According to multivariate logistic regression analysis, positive microscopic margin
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(OR 10.0, 95% CI 2.16–46.12, p = 0.003), positive lymph nodes (OR 9.19, 95% CI 1.99–42.52,
p = 0.005), and presence of lymphovascular invasion (OR 2.61, 95% CI 1.05–6.51, p = 0.04)
in the surgical specimen were associated with recurrence of disease after salvage APR.
Gender, indication for APR (recurrent vs. persistent disease), HIV status, and extent of
surgery or type of reconstruction did not influence survival outcomes.

Figure 1. Kaplan–Meier curve for Disease-Specific Survival (DSS).

Figure 2. Kaplan–Meier curve for post-APR local recurrence-free survival (RFS).
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Figure 3. Kaplan–Meier curve for Disease-free survival (DFS).

4. Discussion

This is among the largest single institutional studies to present the morbidity, onco-
logical, and survival outcomes after salvage APR for anal SCC in patients who underwent
combined modality treatment at a comprehensive cancer center. Positive microscopic mar-
gins, positive nodes, and the presence of lymphovascular invasion in the surgical specimen
were associated with the recurrence of disease after salvage APR. Gender, indication for
APR (recurrent vs. persistent disease), HIV status, extent of surgery, and type of recon-
struction did not influence survival outcomes. The results in this study demonstrate a poor
3-year DFS rate of 26.8%, with a 3-year RFS of 54.5% and a 3-year DSS of 53.8%, which fall
within the range of overall survival rates reported in the literature, ranging between 30%
and 78% [12,17–24].

Anal squamous cell carcinoma is a rare disease with excellent long-term survival
rates of up to 90% in patients who respond to combined modality therapy. Locoregional
failure rates, however, are up to 30%, and the effectiveness of salvage APR for anal SCC
remains limited [19,22]. Despite refinements in technique and advances in surgical care,
oncologic outcomes of salvage APR have remained similar at our center over the past three
decades [25–27]. Surgical complications in our study were similar to those reported in the
literature, with 20% of patients in our cohort experiencing at least a grade 3 complication
and wound dehiscence occurring in 53% of patients, despite a high proportion of patients
(84%) undergoing flap reconstruction of the perineum [28].

Previous studies have identified heterogeneous risk factors for local and distant recur-
rence after salvage APR, with some reporting persistent disease as a risk factor while others
do not [13,22,29,30]. The largest cohort to address the timing of salvage APR was collected
from the National Cancer Database (NCDB) by Fields et al. and included 437 patients
treated between 2004 and 2013. The results yielded no significant differences in overall
survival between patients who underwent salvage APR within 6 months of CRT (early) and
beyond 6 months of treatment (late) [31]. Our present study corroborates this finding as an
indication that APR (recurrent vs. persistent disease) did not influence survival outcomes.
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While studies are discordant on certain predictors of oncologic outcomes, most recog-
nize positive lymph nodes and positive resection margins as risk factors for recurrence and
poor survival. In our cohort, these factors were independently associated with a two to ten-
fold risk of local recurrence. Perhaps the most important prognostic indicator in the setting
of salvage surgery for locoregional failure, however, is surgery resulting in negative resec-
tion margins. Interestingly, the extent of surgery in our study was unrelated to oncologic
outcomes and was not correlated to higher morbidity rates when compared to APR alone.
Rather, negative resection margins were strongly associated with improved overall and lo-
cal recurrence-free survival in this study, as addressed in previous reports [22,24,32]. These
results suggest that salvage surgery, including extended resection or pelvic exenteration, is
justified, especially when negative margins are expected with a more aggressive surgical
intervention [19]. Additionally, consideration for preoperative imaging, such as pelvic
MRI to assess local tumor extent prior to surgical resection, may guide surgical planning
and predict the need for exenteration, which can lead to higher rates of negative resection
margins. Furthermore, in cases of advanced disease, consideration for reirradiation can
be made; however, further studies are needed to determine the feasibility, efficacy, and
optimal regimen for reirradiation.

Another common prognosticator for post-resection recurrence, identified in the present
study as well as others, is positive lymph nodes, serving as a major treatment challenge
for this rare disease. Previous trials, including RTOG 92-08 and ACCORD3, showed no
improvement in local control with radiation dose escalation in combination with MMC
or cisplatin-based CRT [33–36]. Few retrospective series exist examining adjuvant or
multimodal therapies for salvaging local failure of anal SCC, especially in node-positive
patients. A few small retrospective reviews examined intraoperative radiation with salvage
APR for locoregional failure of anal SCC and found little to no oncologic benefit [27,37,38].
More recent work has described the use of immune checkpoint inhibitors and targeted
therapy for primary anal SCC; however, no results have been published as supplements to
surgery [39]. Although a small sample, almost half of the patients in our study who had
genomic data available had a PIK3CA mutation, speaking to the need for further genomic
studies that may help identify high-risk patients and target treatment. Activating mutations
in PIK3CA have been reported to arise in 20–25% of human anal cancers, suggesting that
this pathway may be a relevant target for therapeutic interventions in the future [40,41].

Like comparable studies of its kind, this study is limited by its retrospective nature
and sample size. Information regarding genomic testing was limited. While it is one of the
larger single institutional studies of its kind, a larger sample size would have provided
greater power to this study. Ultimately, locoregional failure of anal SCC remains a treatment
challenge, and further, more robust studies are required to identify potentially beneficial
treatments in addition to surgical resection.

5. Conclusions

Salvage APR for the locoregional failure of anal SCC has poor oncologic outcomes.
Positive resection margins, positive lymph nodes, and the presence of lymphovascular
invasion in the resected specimen were risk factors for recurrence and decreased survival.
Careful preoperative planning, including pelvic MRI to assess tumor extent, extended
surgery such as exenteration in order to achieve negative resection margins, and additional
salvage therapies, including preoperative reirradiation or targeted therapies, should be
explored to improve the oncologic outcomes in the case of recurrent or persistent anal SCC.
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Abstract: (1) Background: we conducted this study to evaluate the effect of Kono-S anastomosis on
postoperative morbidity after bowel resection for Crohn’s disease. (2) Methods: This study adhered
to the PRISMA guidelines and the Cochrane Handbook for Systematic Reviews of Interventions.
The primary endpoint was the overall complications rate. Secondary outcomes included specific
complications analyses, disease recurrence and efficiency endpoints. A systematic literature screen-
ing was performed in major electronic scholar databases (Medline, Scopus, Web of Science), from
inception to 17 January 2024. Both Random (RE) and Fixed Effects (FE) models were estimated; the
reported analysis was based on the Cochran Q test results. (3) Results: Overall, eight studies and
913 patients were included in this meta-analysis. Pooled analyses confirmed that Kono-S was not
superior in terms of overall morbidity (OR: 0.69 [0.42, 1.15], p = 0.16). Kono-S displayed a reduced
risk for anastomotic leakage (OR: 0.34 [0.16, 0.71], p = 0.004) and reoperation (OR: 0.12 [0.05, 0.27],
p < 0.001), and a shortened length of hospital stay (WMD: −0.54 [−0.73, −0.34], p < 0.001). On
the contrary, Kono-S results in higher rates of postoperative SSIs (OR: 1.85 [1.02, 3.35], p = 0.04).
(4) Conclusions: This study confirms a comparable morbidity, but a lower risk of anastomotic leak
and reoperation of Kono-S over conventional anastomoses. Further high quality studies are required
to validate these findings.

Keywords: Kono-S; Crohn; anastomosis; complications; morbidity; meta-analysis

1. Introduction

1.1. Rationale

Crohn’s disease (CD) is a chronic idiopathic disorder that is characterized of transmural
inflammation of the gastrointestinal tract, alongside extraintestinal manifestations [1].
Current epidemiologic studies suggest that CD has an increasing prevalence, especially in
industrialized countries, with a peaked incidence in young adults [2,3].

Despite recent advances in overall management, CD has a detrimental impact on
patients’ health-related quality of life due to work disability, disease relapse, treatment
side-effects and repeated hospitalizations [4]. In addition to these, in most cases, the
administration of immunosuppressors and biologic therapies fails to control the natural
course of the disease [5,6]; indeed, almost 80% of CD patients will ultimately be submitted
to bowel resection [3]. However, removing the affected bowel segment is not curative and,
due to 50% clinical recurrence rates, many patients will require multiple resections [3,7].

The anastomotic site is of pivotal importance, and almost 90% of patients will have
an endoscopic recurrence at 3 years postoperatively [6]. Several risk factors have been
identified as early anastomotic recurrence predictors, including smoking, disease behavior,
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perianal involvement, prior resections, histologic characteristics, patient demographics, dis-
ease location, and postoperative complications [8–11]. Moreover, the optimal anastomotic
technique has been a matter of debate, with handsewn end-to-end and stapled side-to-side
configurations being the most frequently performed techniques [12]. Previous pooled anal-
yses reported conflicting results regarding anastomotic leakage, morbidity, hospitalization
duration, and recurrence risk between the two anastomotic approaches [13,14].

In 2011, Kono et al. [15] described a novel anastomotic technique after bowel resection
for CD, acknowledging the role of mesenteric inflammation and attempting to prevent early
disease recurrence. In this technique, the mesentery is excluded through the construction
of supporting columns [16]. The latter allows the orientation of the anastomosis to be
maintained, and secures a wide lumen [6,15,17]. Kono-S is completed by the performance of
an antimesenteric handsewn anastomosis in a single-layer Gambee manner with 3/0 Vicryl
running sutures [6,15,17].

The initial report by Kono et al. [15] suggested a significantly lower endoscopic
recurrence score at 5 years postoperative, with no increase in postoperative morbidity.
Subsequent trials, though, failed to confirm this superiority of Kono-S over conventional
anastomoses [16,18,19]. On the contrary, a recent pooled analysis [20] reported a 24.7%
incidence of endoscopic recurrence in the Kono-S arm, compared to the respective 42.6% in
the comparison group.

However, current evidence regarding the effect of the novel anastomotic technique on
perioperative morbidity is still inconclusive [16,18,19]. More specifically, a meta-analysis
by Ng et al. [12] estimated a significantly lower risk (1%) of anastomotic leak when Kono-S
was performed. Similarly, Shimada et al. [6] reported that Kono-S resulted in a significant
reduction in anastomotic leakage rates, while Kelm et al. [18] associated the new approach
with a higher risk of surgical site infections. In addition to these, recently published
comparative studies [17,19] provided contradictive results regarding the comparability of
Kono-S and conventional anastomotic techniques in terms of postoperative complications.
Therefore, the need for updated evidence and ranking of the two approaches considering
morbidity and perioperative efficacy, is thoroughly justified.

1.2. Objectives

Taking into consideration the above-mentioned evidence, we designed and conducted
the present meta-analysis to evaluate the role of the Kono-S anastomosis in postoperative
morbidity and efficiency after bowel resection for CD.

2. Materials and Methods

2.1. Study Protocol

This meta-analysis was conducted according to the PRISMA guidelines [21] and the
Cochrane Handbook for Systematic Reviews of Interventions [22]. The review protocol
was not pre-registered.

2.2. Endpoints

The primary endpoint of this study was the comparison of Kono-S and conventional
(CONV) anastomosis regarding the overall complications rate, in patients submitted to
surgical resection for CD. Secondary outcomes included specific complication analyses
(Clavien–Dindo ≥ III, intraabdominal abscess, surgical site infection-SSI, ileus, bleeding,
anastomotic leakage, readmission, and reoperation), disease recurrence (clinical recur-
rence and Rutgeerts score > i2 [23]), and efficiency endpoints (operation duration and
length of hospital stay (LOS)). Conventional anastomosis was considered any standardized
anastomotic technique, besides Kono-S, regardless of its layout (end-to-side, end-to-end,
side-to-side) and technique (handsewn, stapled).
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2.3. Eligibility Criteria

All clinical studies that compared the two anastomotic techniques after any bowel
resection, in patients with CD, whose data were extractable, and the original report was
written in English were considered as eligible. The following exclusion criteria were applied:
(1) non-human studies, (2) no outcomes of interest, (3) no comparison group, (4) article not
written in English, (5) irretrievable data, and (6) manuscripts in the form of editorials, case
reports, expert opinions, or conference abstracts. There was no restriction in terms of bowel
resection type.

2.4. Literature Search

After the removal of duplicate entries, the titles and abstracts of the search results
were screened based on the eligibility criteria. Consequently, a full text evaluation of the
remaining manuscripts was performed. All literature searches, data extractions, and quality
assessments were performed in duplicate and blindly by two independent researchers (P.K.
and B.I.). In case of a discrepancy that was not resolved by mutual revision, the opinion of
a third investigator was considered (T.G.).

Methodological assessment was based on the ROBINS-I [24] and RoB 2 tool [25] (Web-
site: https://www.riskofbias.info/, access on date: 21 January 2024) for non-randomized
and randomized controlled trials (RCTs), respectively. Interrater agreement was estimated
through the calculation of Cohen’s k statistic.

2.5. Study Selection and Data Collection

To identify eligible studies, a systematic literature screening was performed in ma-
jor electronic scholar databases (Medline, Scopus, Web of Science) from inception to
17 January 2024. The following keywords were introduced as search terms: “Kono-S”.
To avoid missing any study, a broad search strategy was introduced, with minimum
restrictive terms.

After the identification of the eligible studies the data extraction process was initiated.
Besides the analyzed endpoints, the following data were recorded: included studies’ charac-
teristics (first author, country, study type, number of centers, publication year, study period,
sample per arm, gender, age and Body Mass Index (BMI) allocation, follow-up period), pa-
tient characteristics (American Society of Anesthesiologists (ASA) score, smoking, previous
operations, perianal disease and Vienna classification), previous treatment characteristics
(type of medications), and surgical approach characteristics (previous surgical experience,
number of surgeons, emergency operations, resection site, type of approach, anastomotic
technique, length of resected bowel).

2.6. Statistical Analysis

Statistical analyses were performed in Cochrane Collaboration RevMan (Version 5.4.1
Copenhagen: The Cochrane Collaboration, 2020) and IBM SPSS Statistics for Windows
(Version 29.0.2.0 Armonk, NY: IBM Corp). Categorical and continuous endpoints were
reported as odds ratio (OR) and weighted mean difference (WMD), respectively. All
variables were provided with the corresponding 95% confidence interval (95%CI).

In cases where the mean or the standard deviation (SD) of a variable was not reported,
they were estimated from the respective median, range, or interquartile range (IQR), based
on the formula described by Hozo et al. [26]. Meta-analysis estimations utilized the Mantel–
Haenszel (MH) and inverse variance (IV) algorithms. Heterogeneity estimation included
the calculation of I2. Both random -RE and fixed effects -FE models were estimated; the
reported analysis was based on the Cochran Q test results (Q p < 0.1). Explanatory analyses
included subgroup analysis and meta-regression. Meta-regression was based on the RE
model and utilized a DerSimonian–Laird estimator. Statistical significance was considered
at the level of p < 0.05.
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2.7. Risk of Bias across Studies

The funnel plot of all outcomes was visually evaluated for the presence of publication bias.

3. Results

The application of the screening algorithm resulted to the retrieval of 2325 entries
(Figure 1). After the removal of 731 duplicates, the titles and abstracts of the remaining
articles were reviewed. Overall, 1578 records (reviews and meta-analyses: 187; single
armed study: 17; non-English article: 3; letters, expert opinions, or conference abstracts: 17;
experimental studies: 2; irrelevant records: 1352) were excluded during this step. Full
text assessment identified four studies with no comparison group and four irrelevant
articles. Consequently, eight studies [5,6,15,17–19,27] were included in the qualitative and
quantitative synthesis.

Figure 1. PRISMA study flow diagram. For more information, visit: https://www.prisma-stataement.org
(accessed on 18 January 2024).

Overall, 913 patients were included in this meta-analysis (Table 1). There was only one
RCT [5]; the remaining trials applied either a prospective or a retrospective methodology.
Most studies were performed in a single center [5,6,16–18,27], and the publication period
spanned from 2011 to 2023. Data regarding gender, age, and BMI allocation are also
provided in Table 1. Mean follow up spanned from 6.55 to 89 months.

Data regarding the ASA status of the patients were provided only in three [16,17,19]
studies (Supplementary Materials). Overall, 141 patients had received a previous operation.
In total, 71 patients displayed perianal disease manifestations. Furthermore, 89, 279 and
242 CD cases were classified as inflammatory (B1), stricturing (B2) and penetrating (B3)
disease behavior, respectively. Biologics were administered in 403 patients.
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Table 1. Included studies.

Author Country Study Type Center Year
Study
Period

Group Sample Gender (M) Age BMI
Follow

Up

Alibert et al. [19] France prospective multi 2023 2020–2022
KONO-S 61 26 37 (4.75) 21.9 (1.17) 6.7 (0.41)
CONV 122 55 34 (3) 20.9 (0.90)

Holubar et al. [16] USA retrospective single 2023 2015–2022
KONO-S 74 36 38.2 (16.3) 25.1 (5.6)

n/a
CONV 66 33 37.9 (15.5) 25.4 (5.6)

Obi et al. [27] USA retrospective single 2023 2019–2022
KONO-S 9 4 15.4 21.6 6.55

CONV 9 3 16.2 20 7.57

Tyrode et al. [17] France retrospective single 2023 2020–2022
KONO-S 30 13 32.2 (13.4) 22.3 (3.92)

12
CONV 55 24 36.1 (15.6) 23.5 (6)

Kelm et al. [18] Germany retrospective single 2022 2019–2021
KONO-S 22 14 37.4 (10.5) 24.3 8.8 (2.5)
CONV 29 14 36.8 (13.7) 22.8

Luglio et al. [5] Italy RCT single 2020 2015–2017
KONO-S 36 18 34 (6.25)

n/a 24
CONV 43 22 43 (8.25)

Shimada et al. [6] Japan retrospective single 2019 2006–2016
KONO-S 117 84 39 (11.8) 18.9 (2.51) 38 (23.7)

CONV 98 74 34 (11.1) 18.6 (2.44) 89 (34)

Kono et al. [15] Japan retrospective multi 2011 2003–2009
KONO-S 69 57 31 (10.7)

n/a
42 (18.7)

CONV 73 58 28 (12) 52 (29.7)

n/a: not available.

Overall, three studies [17,18,27] confirmed previous surgical expertise (Supplementary
Materials Tables S1–S5). Similarly, data regarding the number of operating surgeons were
scarce. Only 19 resections were performed in an emergency setting. All studies, except
two [6,15], reported data on ileocolic anastomoses (Supplementary Materials). Most opera-
tions were performed in a laparoscopic approach. Open conversion was required in 22 cases.
Finally, 162 stapled conventional anastomoses were included in the comparative analyses.

Quality assessment of the eligible studies highlighted moderate to serious method-
ological deficits in most non-RCTs. The RCT by Luglio et al. [5] was graded as having some
concerns regarding the overall risk of bias. There was an adequate level of agreement in
both tools (RoB 2 Cohen k statistic:1 p = 0.025, ROBINS-I Cohen k statistic: 0.85 p < 0.001).

All eligible studies provided data regarding the primary outcome (Figure 2, Table 2).
Pooled evidence did not confirm a superiority (OR: 0.69 [0.42, 1.15], p = 0.16) of Kono-S
over conventional anastomosis after bowel resection in patients with CD. Due to significant
heterogeneity levels (I2: 46%, p = 0.08), further explanatory analyses were performed.
The results of meta-regression (Supplementary Materials) could not confirm a significant
effect of any analyzed variable (publication year, sample size, gender, age, BMI, follow
up, smoking, previous operation, perianal disease, anti-TNF medication, laparoscopic
approach, stapled conventional anastomosis, and resected length of bowel). Stratifying
for ileocolic anastomoses (OR: 0.83 [0.4, 1.73], p = 0.61) and side-to-side conventional
anastomoses only (OR: 0.89 [0.29, 2.75], p = 0.84) did not alter the overall outcome. A non-
significant result was also estimated in the experienced surgeons’ subgroup (OR: 1.67
[0.37, 7.64], p = 0.51). A significant superiority of Kono-S (Supplementary Materials) was
confirmed in the prospective (OR: 0.47 [0.24, 0.89], p = 0.02), but not in the retrospective
studies subgroup. Exclusion of high risk of bias studies resulted in a significant effect of
the experimental technique (OR: 0.47 [0.24, 0.89], p = 0.02).

In terms of secondary outcomes (Table 2, Supplementary Materials), Kono-S displayed
comparable rates of Clavien–Dindo ≥ III complications (p = 0.18), intraabdominal abscesses
(p = 0.18), postoperative ileus (p = 0.87) and bleeding (p = 0.1). Similarly, there was no
difference in terms of readmission rates (p = 0.21). On the contrary, Kono-S was associated
with a significantly higher risk of SSIs (OR: 1.85 [1.02, 3.35], p = 0.04). Anastomotic leakage
(OR: 0.34 [0.16, 0.71], p = 0.004) and reoperation rates (OR: 0.12 [0.05, 0.27], p < 0.001) were
significantly decreased when Kono-S was applied.
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Figure 2. Overall complications forest plot [5,6,15–19,27].

Table 2. Primary and secondary outcomes.

Outcome Studies Participants Statistical Method Effect Estimate 95%CI p I2 Heterogeneity p

Overall Complications 8 913 Random Effects 0.69 [0.42, 1.15] 0.16 46% 0.08

CD ≥ III 4 459 Fixed Effects 0.54 [0.22, 1.32] 0.18 14% 0.32

Intrabdominal Abscess 6 624 Fixed Effects 0.62 [0.31, 1.25] 0.18 0% 0.68

SSI 7 730 Fixed Effects 1.85 [1.02, 3.35] 0.04 0% 0.71

Ileus 6 645 Fixed Effects 0.95 [0.55, 1.66] 0.87 0% 0.88

Bleeding 4 446 Fixed Effects 0.34 [0.09, 1.25] 0.1 0% 0.82

Leakage 7 828 Fixed Effects 0.34 [0.16, 0.71] 0.004 0% 0.66

Readmission 4 453 Fixed Effects 0.59 [0.26, 1.35] 0.21 5% 0.37

Reoperation 4 515 Fixed Effects 0.12 [0.05, 0.27] <0.001 0% 0.66

>i2 5 540 Random Effects 0.66 [0.33, 1.29] 0.22 68% 0.01

Clinical Recurrence 4 562 Random Effects 0.42 [0.14, 1.24] 0.12 75% 0.007

Operation Duration [minutes] 5 702 Random Effects 5.71 [−4.93, 16.36] 0.29 83% <0.001

LOS [days] 4 487 Fixed Effects −0.54 [−0.73, −0.34] <0.001 0% 0.48

Pooled analyses could not confirm an improvement in clinical (p = 0.12) or endoscopic
recurrence (p = 0.22) with Kono-S. Furthermore, the introduction of Kono-S as an anas-
tomotic technique did not alter the procedure duration (p = 0.29); however, it resulted
in a significant reduction in LOS by a mean of 0.54 days (WMD: −0.54 [−0.73, −0.34],
p < 0.001).

Inspection of the primary endpoint funnel plot (Supplementary Materials) showed a
symmetrical distribution of the studies over the combined effect size line. The funnel plots
of the secondary outcomes are also provided in Supplementary Materials.

4. Discussion

4.1. Summary of Evidence

Our study is an effort to provide updated evidence regarding the efficacy of the novel
Kono-S anastomotic technique in reducing postoperative morbidity and recurrence rates
after bowel resection in CD patients. Our results suggest that Kono-S is not effective
in minimizing clinical and endoscopic recurrence, and does not provide an enhanced
overall safety profile. Despite these, a lower risk of anastomotic leakage and reoperation
was confirmed.

Optimal therapeutic management of CD is based on disease staging, patient risk strati-
fication and preferences, and clinical characteristics [28]. In most cases, the initial approach
includes the administration of steroids to alleviate the symptoms and the subsequent
introduction of biologics to control and reduce the risk of disease flares [28]. A signifi-
cant proportion of patients, though, will ultimately undergo bowel resection due to the
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development of stenoses, fistulas or disease refractory to conventional immunomodulatory
therapy [28]. Additionally, in specific disease phenotypes, including inflammatory ileocolic
CD, upfront surgery is considered as a valid option due to optimal results [3,29,30]. In the
LIR!C RCT [31], laparoscopic ileocecal resection was compared to infliximab for limited
non-stricturing ileocecal CD, with comparable results in terms of restoring quality of life
and overall morbidity. A significant finding of this study was that one-third of patients
in the biologic group required resection compared to one fourth of the surgical arm that
received infliximab [31].

Consequently, it became apparent that, to enhance postoperative outcomes, the sur-
gical approach, including the anastomotic technique, should be optimized. In the CAST
trial [32], side-to-side was compared to end-to-end anastomosis after ileocecal resection;
no significant difference in the endoscopic and symptomatic recurrence rates was found
during follow-up. Comparability of the two techniques in early postoperative outcomes
was also reported by the ISRCTN-45665492 study [33]. Contrary to these, a recent network
meta-analysis [34] suggested the superiority of side-to-side anastomosis in terms of overall
morbidity, clinical recurrence, and reoperation. Furthermore, the role of mesenteric resec-
tion in disease outcome has also attracted the interest of researchers [35]. As an answer
to these, Kono et al. [15] described the homonymous anastomotic layout with specific
technical features, and also reported promising postoperative results.

Despite being a side-to-side handsewn anastomosis, Kono-S incorporates several
technical features that render it a complex procedural step [18]. As such, to minimize
postoperative morbidity, structured training should be considered prior to performing
Kono-S [18]. More specifically, based on recent studies, approximately 20 cases are required
to overcome the learning curve of this new technique [18]. This further highlights the
need to properly assess the safety of this new approach, prior to extensively applying
it to CD patients. In a recent cohort by Tyrode et al. [17], Kono-S did not have a higher
morbidity profile compared to conventional handsewn, side-to-side anastomoses. This was
also confirmed in a meta-analysis by Ng et al. [12], where minimal rates of complications
were reported. Our pooled analyses calculated a 27.5% and 31.5% overall morbidity rate
for Kono-S and a control group, respectively. This was reduced to 3.7% and 6.6% when
assessing severe (Clavien–Dindo ≥ III) complications. Statistical significance was not
reached in any of these comparisons, and the influencing factors were not identified.

Previous experimental and clinical studies confirmed that the bowel segments affected
by CD have an over 50% decrease in blood flow [15]. The imaging quantification of
this clinical parameter is currently under evaluation with novel techniques, including
shear wave and strain elastography [36]. Due to its configuration, the novel anastomotic
technique presents several advantages, including the preservation of bowel perfusion
and innervation, factors directly associated with optimal anastomotic healing [15]. Initial
reports did not suggest a superiority of Kono-S over conventional techniques in terms of
anastomotic healing [15]. In a large cohort by Shimada et al. [6], Kono-S displayed a lower
rate (5.1% vs. 17.3%) of anastomotic leakage when compared to layer-to-layer end-to-end
anastomosis; this, though, did not reach statistical significance. Interestingly, our pooled
estimations suggested a significant difference in favor of Kono-S regarding the risk of
postoperative anastomotic leakage.

Our meta-analysis confirmed a higher rate of SSIs in patients submitted to Kono-S
anastomosis after bowel resection. In addition to this, a low heterogeneity level was
identified. Although no single study had a significant effect size, the trials of Kelm et al. [18]
and Shimada et al. [6] reported a higher incidence of infections in the experimental group.
As mentioned by Kelm et al. [18], a possible explanation for this could be the access routes
used for the anastomoses after different approaches (suprapubic for conventional and
periumbilical for Kono-S).

The mesentery in CD develops characteristic macroscopic and microscopic changes,
including fat thickening and hyperplasia of adipocytes and connective tissue [19]. Sev-
eral researchers suggested that the mesentery has a pivotal role in the pathogenesis and
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recurrence of the disease, given the fact that mucosal inflammation is usually located in
the mesenteric side and has a positive association with the mesenteric inflammation [19].
To prevent this, Kono et al. [15] proposed the creation of a supporting column and the
formation of the anastomosis on the antimesenteric axis [15]. Besides the biomechanistic
properties, Kono-S may also prevent early recurrence through the preservation of gut
flora [12]; the isoperistaltic layout and the supporting column minimizes microbiome
changes, especially in cases of ileocecal resections [12].

The potential of Kono-S in reducing recurrence rates has been extensively evaluated
in multiple clinical scenarios [12]. Comparing Kono-S to conventional anastomoses, Kono
et al. [15] found that, although 1-year endoscopic recurrence rates were comparable, the
experimental group displayed a lower mean Rutgeert score at 5 years. In the SuPREMe-CD
RCT [5], Kono-S was compared to a conventional side-to-side stapled anastomosis and
had a lower risk for endoscopic recurrence at 6 and 18 months postoperatively. Logistic
regression also confirmed the anastomotic technique as the sole predictor of endoscopic
recurrence and a lower recurrence-free survival was reported in the conventional study
arm [5]. On the contrary, in the propensity score matched cohort of the KoCoRICCO
study [19], Kono-S was not associated with lower endoscopic recurrence events. In our
study, the two approaches did not differ in terms of clinical and endoscopic recurrence
(Rutgeert score ≥ i2). However, when evaluating such outcomes, several factors should be
acknowledged, including time endpoints, disease behavior, definition of recurrence and
control technique. Regarding the latter, it has been confirmed that the mechanical staple
line may falsely be diagnosed with endoscopic recurrence, whereas handsewn anastomoses
heal without ulcerations [19].

In the Kono-S technique, a complex handsewn anastomosis is performed; thus, theo-
retically, prolonging the operative time [16]. Indeed, previous studies suggested that due
to the additional hand-sewing, Kono-S resulted to an average 30 min longer operation
duration [16]. In the previous meta-analysis by Ng et al. [12], the mean operative time of
resection and restoration of bowel continuity was 179 min, which was comparable to the
respective control group. Our results were like the latter, since no significant difference
was found between the Kono-S and conventional anastomosis groups. It must be noted,
though, that this estimation was plagued by high heterogeneity levels; thus, suggesting
that factors like the Kono-S learning curve status and the conventional technique that was
used as comparator could have influenced the results.

We confirmed that patients submitted to resection and restoration of bowel continuity
with this novel technique, were discharged earlier compared to the conventional group.
Previous cohorts, though, did not identify a hospitalization duration benefit of Kono-S [5,16].
Moreover, data regarding postoperative bowel function and patient mobilization were
scarce and, therefore, no analysis of other recovery endpoints was available. Therefore, this
significant effect could be associated with the previously reported lower rates of anastomotic
complications and reoperation in the Kono-S group.

4.2. Limitations

Prior to the appraisal of the results of this study, several limitations should be acknowl-
edged. First, most of the eligible studies did not include an adequate randomization or
blinding algorithm, thus reducing the validity of the pooled analyses. Furthermore, the
quality assessment highlighted several methodological deficits that could have contributed
to the overall bias. Moreover, the small sample size in the included trials reduced the
power of the pooled statistical calculations. Additionally, the inherent heterogeneity in
terms of patient characteristics, disease stage, perioperative treatment regimens, and the
conventional anastomotic technique, further impacted the significance of the estimate
endpoints. Finally, the divergence in the reported follow-up period could have affected
several time-related endpoints including morbidity and disease recurrence.
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5. Conclusions

This meta-analysis failed to estimate a significant effect of Kono-S over conventional
anastomoses, in reducing the overall postoperative morbidity rates, after bowel resection
for CD. Kono-S displayed a reduced risk for anastomotic leakage and reoperation, and a
shortened length of hospital stay. On the contrary, Kono-S resulted in higher rates of post-
operative SSIs. Due to several study limitations, further higher quality RCTs are required
to delineate the exact role of Kono-S in patients submitted to surgery for Crohn’s disease.
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Abstract: Background: Colorectal cancer is the third most common cancer worldwide, and 20–30% of
patients will develop liver metastases (CRLM) during their lifetime. Hepatocellular carcinoma (HCC)
is also one of the most common cancers worldwide with increasing incidence. Hepatic resection
represents the most effective treatment approach for both CRLM and HCC. Recently, sarcopenia has
gained popularity as a prognostic index in order to assess the perioperative risk of hepatectomies.
The aim of this study is to assess the effects of sarcopenia on the overall survival (OS), complication
rates and mortality of patients undergoing liver resections for HCC or CRLM. Methods: A systematic
literature search was performed for studies including patients undergoing hepatectomy for HCC
or CRLM, and a meta-analysis of the data was performed. Results: Sarcopenic patients had a
significantly lower 5-year OS compared to non-sarcopenic patients (43.8% vs. 63.6%, respectively;
p < 0.01) and a significantly higher complication rate (35.4% vs. 23.1%, respectively; p = 0.002).
Finally, no statistical correlation was found in mortality between sarcopenic and non-sarcopenic
patients (p > 0.1). Conclusions: Sarcopenia was significantly associated with decreased 5-year OS
and increased morbidity, but no difference was found with regard to postoperative mortality.

Keywords: sarcopenia; liver resection; overall survival; complications

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide, with an
increasing incidence, rapid progression and frequent tumor recurrence and metastasis [1–3].
Colorectal cancer is the third most common cancer worldwide, and approximately 20%–30%
of these patients will develop liver metastasis during their lifetime [4,5]. For both hepato-
cellular carcinoma and colorectal liver metastases (CRLM), hepatic resection (hepatectomy)
remains the mainstay intervention with curative intent, followed by modern techniques,
such as orthotopic liver transplantation or transarterial chemoembolization, which emerge
nowadays. According to Furukawa et al., hepatic resection can provide a prolonged sur-
vival for patients with CRLM, with a 5-year survival rate up to 30%–60%. However, even
in patients with curative hepatic resections, there is still a high recurrence rate postop-
eratively (up to 70% in a 5-year follow-up) and a high morbidity rate (approximately
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40%–50%) [1,2,6,7]. Many risk factors, such as sarcopenia, are closely related to high in-
cidence of postoperative complications and poor long-term outcomes for patients with
cancer [3]. Therefore, early preoperative recognition of perioperative risk factors is crucial
in avoiding adverse consequences after hepatectomy and improving overall survival (OS)
and disease-free survival (DFS) for these patients.

Sarcopenia is a term first introduced by Rosenberg in 1989 to describe the involuntary
age-related loss of skeletal muscle mass [4,8,9]. It was initially noticed in elderly people
and had a negative impact on health. In 2010, The European Working Group on Sarcopenia
in Older People (EWGSOP) published a clinical definition of sarcopenia, which described it
as a syndrome characterized by progressive and generalized loss of skeletal muscle mass
(quality and quantity), strength and function [4,6–8,10,11].

Sarcopenia is strongly associated with nutritional health/malnutrition and is of great
prognostic significance in patients with cancer [1,6]. Malnutrition is very common in these
patients due to the combination of malignant disease progress and anticancer treatment,
and in severe cases, it can lead to cachexia, a syndrome characterized by the loss of skeletal
muscle mass. It is highly associated with tumor aggressiveness, longer hospitalization,
and it is identified as a poor prognostic factor with reduced overall, disease-free and
recurrence-free survival rate for patients with cancer undergoing surgery [1,4,10,12–14].
Sarcopenia also carries a risk of increased short-term and long-term adverse outcomes, such
as major postoperative complications, physical disability, poor health-related quality of
life, postoperative morbidity and death [2,10,15,16]. According to Hou et al.’s retrospective
study published in 2021 comparing sarcopenic and non-sarcopenic patients with HCC
and cholangiocarcinoma undergoing liver resection, sarcopenia has been proven to be
an independent prognostic indicator for overall survival and disease-free survival for
these patients after surgery. This finding agrees with other previous studies indicating
that sarcopenia is related to adverse postoperative results and poor prognosis for cancer
patients, as described in a study by Bernardi et al. in 2020, in which sarcopenic patients
undergoing hepatectomies presented a higher 90-day morbidity rate compared to non-
sarcopenic patients, as well as a higher complication incidence.

Body composition profiling plays a valuable role in preoperative risk assessment and
in predicting the short-term and long-term outcomes of patients undergoing oncologic liver
surgery [17,18]. Based on parameters obtained from diagnostic preoperative imaging with
computed tomography (CT) or magnetic resonance imaging (MRI), such as the measure-
ment of psoas area, muscle density at the third lumbar vertebra (L3) and intramuscular
adipose tissue in Hounsfield units, it is possible to accurately quantify intra-abdominal fat
and muscle mass in order to reveal sarcopenia and predict postoperative survival rate after
surgical resection for colorectal cancer, hepatocellular carcinoma and colorectal liver metas-
tasis [5,10]. Any abnormalities in these parameters are associated with poor postoperative
outcomes and prognosis.

This systematic review aims to summarize the current evidence available from the
literature on the effects of sarcopenia on overall survival and postoperative complica-
tions regarding liver resections in patients suffering from primary liver or metastatic
colorectal cancer.

2. Materials and Methods

2.1. Study Selection

A thorough literature search was conducted on PubMed for articles including patients
with sarcopenia undergoing liver resection for primary or metastatic liver cancer. The
terms “sarcopenia”, “liver resection”, “hepatectomy”, “metastasis”, “metastases”, “hep-
atocellular carcinoma”, “hcc”, “laparoscopic liver resection” and “complications” were
used in various combinations. The search was conducted manually by two independent
reviewers and yielded 209 results. Any conflict during the selection process was resolved
through discussion. All articles were scrutinized against predetermined inclusion and
exclusion criteria, and after excluding duplicates and irrelevant studies, 86 were eligible
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for further assessment. After full-text screening, 60 studies were excluded and 26 were
finally included in our systematic review. The study selection algorithm is shown on
the Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) flow
chart (Figure 1) [19]. The systematic review protocol was registered in the International
Prospective Register of Systematic Reviews (PROSPERO ID CRD42023426589).

Figure 1. PRISMA flow diagram.

2.2. Inclusion and Exclusion Criteria

The following inclusion criteria were applied: cohort studies with adult patients pub-
lished over the last decade in the English language; studies including patients undergoing
open or laparoscopic hepatic resections for HCC or CRLM; studies including patients
with sarcopenia, as defined above, prior to any intervention related to the hepatic disease;
studies having overall survival or complications after hepatectomy as primary outcomes.

Case reports, case series, commentaries and letters to the editor were excluded from
this review.

2.3. Definition

The International Working Group on Sarcopenia (IWGS) has published a consensus in
which sarcopenia is defined as the presence of low skeletal muscle mass and low muscle
function [20]. However, other associations, such as the European Working Group on
Sarcopenia in Older People (EWGSOP) and the European Society for Clinical Nutrition and
Metabolism—Special Interest Groups (ESPEN—SIG), have proposed their own sarcopenia
definitions, defining it, respectively, as (i) the presence of low skeletal muscle mass and
either low muscle strength (assessed by handgrip) or low muscle performance (assessed by
measuring the walking speed) and (ii) the presence of low skeletal muscle mass and low
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muscle strength (assessed by handgrip) [21,22]. In our review, the skeletal muscle mass was
assessed with preoperative CT scans at the L3 level, except for one study that measured the
cross-sectional muscle area at the L4 level [5]. The total muscle area was then normalized
for height, generating the skeletal muscle index (SMI). Sarcopenia was finally defined based
on the SMI cut-off values that each study set according to international consensuses or
statistical analyses, which differed among the studies and between men and women.

2.4. Data Extraction

The following data were extracted in a preformed datasheet: author, year, institution
and study period, type of operation, patient population, age, sex, BMI, primary disease,
staging, administration of neoadjuvant chemotherapy (NAC), follow-up, overall survival,
morbidity, mortality and postoperative complications.

2.5. Risk of Bias and Quality Assessment

The risk of bias and the quality of each individual study were assessed using the
Cochrane Tool to Assess Risk of Bias in Cohort Studies and the Newcastle–Ottawa Quality
Assessment Scale (NOS), respectively [23]. The Cochrane Tool consists of 7 questions, and
according to the answers, a cohort study can be categorized as having low or high risk of
bias. The NOS consists of 8 items regarding the selection of subjects, the comparability and
the outcomes of each individual cohort study (Table 1).

Table 1. Newcastle–Ottawa Scale scores for the included studies. * is a star awarded for each item.

Study

Selection Comparability Outcomes Total

Representativeness
of the

Exposed Cohort

Selection of
the Non-
Exposed
Cohort

Ascertainment
of

Exposure

Outcome of
Interest Not

Present at the
Start of the

Study

Assessment
of Outcome

Length of
Follow-Up

Adequacy of
Follow-Up

[24]

Bajric et al. [24] * * * * * * * * 8/8

Harimoto et al. [2] * * * * * * * 7/8

Harimoto et al. [11] * * * * 4/8

Hayashi et al. [3] * * * * * * * * 8/8

Hu et al. [16] * * * * * * * 7/8

Kobayashi et al. [4] * * * * * * 6/8

Kroh et al. [25] * * * * * * * * 8/8

Lodewick et al. [26] * * * * * * 6/8

Peng et al. [27] * * * * * 5/8

Runkel et al. [9] * * * * 4/8

VanVledder et al. [28] * * * * * * * * 8/8

Wu et al. [29] * * * * * * 6/8

Yabusaki et al. [30] * * * * * * * * 8/8

Yang et al. [14] * * * * * * 6/8

Yang et al. [31] * * * * * * 6/8

Berardi et al. [7] * * * * * * 6/8

Kim et al. [32] * * * * * 5/8

Marasco et al. [10] * * * * * * * * 8/8

Hou et al. [33] * * * * * * * 7/8

Zhou et al. [34] * * * * * * 6/8

Wijk et al. [35] * * * * * 5/8

Liu et al. (2020) [5] * * * * * * * 7/8

Xiong et al. [36] * * * * * * * 7/8

Pessia et al. [37] * * * * * * * * 8/8

Xu et al. [38] * * * * * * * * 8/8

Furukawa et al. [8] * * * * * * * * 8/8
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2.6. Meta-Analysis

The studies that were included in the analysis were reviewed, and the data were
tabulated. Due to differences in the methodology used in each study, not all of the examined
data were available in every study. The data were then organized into groups and inputted
into the SPSS platform, which provided the results subsequently analyzed in detail below.

Due to the large number of studies in the meta-analysis, it was necessary to sub-
categorize them for better statistical management. Therefore, the studies were grouped
based on the parameters analyzed to yield more significant statistical results.

The null hypothesis for Cochran’s Q is that the percentage of “hits” is equal for all
groups. The alternative hypothesis, on the other hand, suggests that the ratio varies at
least among one group. If the calculated critical value Q is greater than a critical χ2 value,
then the null hypothesis is rejected. If the variation is only due to within-study error, then
its expected value would be the degrees of freedom for this meta-analysis, where df = 25.
Therefore, it follows that Q < df. By calculating I2, it shows that I2 = 0, indicating that the
heterogeneity of the sample is not statistically significant for the meta-analysis (Figure 2).

Figure 2. Cochran’s Q Test.

The research studies were divided into categories based on their focus on the com-
plication rate in sarcopenic patients. By analyzing these groups, the odds ratio (OR) of
sarcopenic patients who developed complications in the various studies was determined,
and a forest plot was created for the studies included.

3. Results

In this study, a total of 6103 patients underwent hepatic resection of one or more
segments or metastasectomy. The study aimed to investigate the effect of sarcopenia on the
survival, mortality and complication rate of the patients.

The study analyzed patients based on their sex, age and whether they had sarcopenia.
The data were also categorized based on the stage of the disease and the initial location of the
tumor, as well as the presence of preoperative chemotherapy. The patients’ demographics
and characteristics are shown in Table 2. The patients were followed up for varying periods,
and their postoperative complications, mortality and survival were studied.
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After collecting the data, statistical analysis was conducted, and several results were
extracted. Out of the 6103 patients included in the study, 2232 were diagnosed with
sarcopenia, while 3841 were not. Among the total number of patients, 2167 were male,
and 1126 were female, resulting in a male-to-female ratio of 2:1. The average age of all
patients was 64.3 years. The average BMI for patients with sarcopenia was 22.9, whereas
for non-sarcopenic patients, it was 25.8. On average, the SMI of sarcopenic individuals was
38.9, while for non-sarcopenic patients, it was 49.6.

According to the data, the average rate of complications in patients with sarcopenia
is 35.4%, while in non-sarcopenic patients, it is 23.1% (35.4% vs. 23.1%; p = 0.002). The
diagram in Figure 3 shows that the complication rate in sarcopenic patients is significantly
higher than in non-sarcopenic patients. Furthermore, Figures 4 and 5 show the OR of the
complication rates in the nine studies that compared the complications between sarcopenic
and non-sarcopenic patients. However, it was not possible to classify the complications
further based on Clavien–Dindo classification, as it was only used in very few studies. The
morbidity of sarcopenic patients in comparison to non-sarcopenic patients and the specific
complications and their incidence reported in each of the included studies are shown in
Tables 3 and 4.

Figure 3. Complication rate of sarcopenic vs. non-sarcopenic patients.

Figure 4. Odds ratio of complication rate in sarcopenic patients. OR, odds ratio [2,3,10,14,16,24,25,30,31].
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Figure 5. Forest plot. OR, odds ratio [2,3,10,14,16,24,25,30,31].

Table 3. Morbidity of sarcopenic vs. non-sarcopenic patients undergoing hepatectomy for liver
cancer.

Study Population
Complication

Rate
Follow-Up
(Months)

Bajric et al. [24] 315 30

Sarcopenic 78 (24.7%) 24.9%
Non-sarcopenic 237 (75.3%) 9.7%

p = 0.01

Harimoto et al. [2] 186 NA

Sarcopenic 75 (40.3%) 32%
Non-sarcopenic 111 (59.7%) 50.5%

p = 0.613

Harimoto et al. [11] 146 NA

Sarcopenic 146 8.2%
Non-sarcopenic 0 -

-

Hayashi et al. [3] 303 60

Sarcopenic 106 (34.9%) 58%
Non-sarcopenic 197 (65.1%) 60%

p = 0.812

Hu et al. [16] 153 12

Sarcopenic 45 (29.4%) 62.3%
Non-sarcopenic 108 (70.6%) 47.2%

p = 0.162

Kroh et al. [25] 70 60

Sarcopenic 33 (47.1%) 24%
Non-sarcopenic 37 (52.9%) 27%

p = 1
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Table 3. Cont.

Study Population
Complication

Rate
Follow-Up
(Months)

Peng et al. [27] 249 23% NA

Sarcopenic 41 (15.8%) -
Non-sarcopenic 218 (84.2%) -

-

Runkel et al. [9] 94 NA

Sarcopenic 94 62.8%
Non-sarcopenic 0 -

-

Wu et al. [29] 1172 NA

Sarcopenic 421 (35.9%) Significantly
higher

Non-sarcopenic 751 (65.1%) -
p < 0.001

Yabusaki et al. [30] 195 37

Sarcopenic 89 (45.6%) 20.2%
Non-sarcopenic 106 (54.4%) 21.7%

p = 0.8

Yang et al. [14] 155 NA

Sarcopenic 89 (57%) 40.9%
Non-sarcopenic 66 (43%) 6.06%

p < 0.001

Yang et al. [31] 171 NA

Sarcopenic 86 (50.2%) 26.1%
Non-sarcopenic 85 (49.8% 4.5%

p = 0.032

Berardi et al. [7] 234 30.3% 3

Sarcopenic 91 (38.8%) -
Non-sarcopenic 143 (61.2%) -

Marasco et al. [10] 159 30

Sarcopenic 82 (51.6%) 11.8%
Non-sarcopenic 77 (48.4%) 0

p = 0.032

Wijk et al. [35] 128 40.6% NA

Sarcopenic 83 (64.8%) -
Non-sarcopenic 45 (35.2%) -

-

Kim et al. [32] 159 41.5% 1

Sarcopenic -
Non-sarcopenic -

-
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Table 3. Cont.

Study Population
Complication

Rate
Follow-Up
(Months)

Liu et al. [5] 182 33% 32.5

Sarcopenic 38.3%
Non-sarcopenic 27.7%

-

Xiong et al. [36] 114 29.3% 60

Sarcopenic 43.7%
Non-sarcopenic 33.6%

-

Table 4. Complications reported after hepatectomy.

Complications after Hepatectomy

Complication Number of Cases Complication Number of Cases

Bile leakage 83 Liver failure 109

Ascites 8 Pleural effusion 80

Pneumonia 4 Surgical site infection 50

Intra-abdominal
abscess 62 Postoperative

bleeding 10

Brain infarction 1 Hepatic
encephalopathy 1

Obstruction of blood
dialysis shunt 1 Reintubation 1

Biloma 2 Sepsis 1

Portal vein
thrombosis 1 Cardiopulmonary 3

Gastrointestinal 2 Hematological 3

Bacteremia 2 Miscellaneous
infections 6

No further statistical analysis could be performed on complications experienced by
patients, as they were not further analyzed in most studies. The most commonly reported
complications include surgical wound infection and delayed gastric emptying. In the
studies that do provide information regarding complications, they are typically classified
using the Clavien–Dindo system, with the majority falling into grade I or II.

The average 5-year OS rate of the patients included in our study was 64.7%. The
patients who were diagnosed with sarcopenia had an average OS rate of 43.8%, which
ranged from 13.4% to 91.1%. On the other hand, the non-sarcopenic patients had an aver-
age OS rate of 63.6%, ranging from 9.7% to 99.1%. Sarcopenic patients had a statistically
significantly lower 5-year OS than non-sarcopenic patients, with a p-value < 0.01. No statis-
tical correlation was found between mortality incidence in sarcopenic and non-sarcopenic
patients (p-value > 0.1) (Table 5).

A sub-categorization was created to include studies that included the rate of complica-
tions experienced by patients after hepatectomy. Additionally, data evaluation on the initial
location of the tumor and the occurrence of sarcopenia led to the conclusion that patients with
hepatocellular carcinoma or liver metastasis do not exhibit a statistically significant difference
in the occurrence of sarcopenia (p-value > 0.01). However, a significant difference is observed
in patients who underwent hepatectomy due to a tumor in the right or left colon. Patients who
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underwent right colectomy are more likely to experience sarcopenia as compared to those
who underwent left colectomy or low anterior resection. This difference can be attributed to
the removal of the cecum and terminal ileum during the right colectomy.

This was followed by the survival study of sarcopenic and non-sarcopenic patients
after hepatectomy. We should take into account that the studies were conducted in different
time periods, and the follow-up period of these patients was different in every study.

As is evident from the diagram in Figure 6, a lower survival rate appears in sarcopenic
patients compared to non-sarcopenic patients. At 30 months of follow-up, there is an
increase in the line, which is not actually the case, as there were two studies that had the
same follow-up months with different results in terms of survival rates. The Log-rank test
was 1.0146, with a p-value 0.3131.

Figure 6. Kaplan–Meier curve.

The subgroup of patients who underwent hepatectomy for metastatic colorectal cancer
was then created. It was studied in terms of the odds ratio (Table 6), and then, a for-
est plot (Figure 7) was created, wherein those studies that included this subgroup were
distinguished.

Table 5. 5-year overall survival and mortality of sarcopenic vs. non-sarcopenic patients undergoing
hepatectomy for liver cancer.

Study Population
5-Year

Overall
Survival

Mortality (30
Days)

Follow-Up
(Months)

Bajric et al. [24] 315 30

Sarcopenic 78 (25%) 20.3% 38.2%
Non-sarcopenic 237 (75%) 23.1% 34.3%

p = 0.01 p > 0.05
Harimoto et al. [2] 186 NA

Sarcopenic 75 (40.3%) 71% -
Non-sarcopenic 111 (59.7%) 83.7% -

p = 0.001
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Table 5. Cont.

Study Population
5-Year

Overall
Survival

Mortality (30
Days)

Follow-Up
(Months)

Hayashi et al. [3] 303 60
Sarcopenic 106 (34.9%) - 0
Non-sarcopenic 197 (65.1%) - 0.5%

p = 0.023 p = 0.353
Hu et al. [16] 153 12

Sarcopenic 45 (29.4%) 91.1% 2.2%
Non-sarcopenic 108 (70.6%) 99.1% 0

p = 0.043 -
Kobayashi et al. [4] 124 NA

Sarcopenic 24 (19.3%) - -
Non-sarcopenic 100 (80.7%) - -

p = 0.343 p = 0.946
Kroh et al. [25] 70 60

Sarcopenic 33 (47.1%) 45% 3%
Non-sarcopenic 37 (52.9%) 13.6% 8%

p = 0.035 p = 0.616

Lodewick et al. [26] 80 - - 3

Sarcopenic 31 (39%) - 10.5%
Non-sarcopenic 49 (61%) - 3.5%

- -

Peng et al. [27] 259 40% 0.8% NA

Sarcopenic 41 (16%) - -
Non-sarcopenic 218 (84%) - -

- -

Vledder et al. [28] 196 - - 29

Sarcopenic 38 (19%) 20% 42.9%
Non-sarcopenic 158 (81%) 49.9% -

p < 0.001 -
Wu et al. [29] 1172 NA

Sarcopenic 421 (35.9%) (Significantly
worse) -

Non-sarcopenic 751 (65.1%) - -
p < 0.001 -

Yabusaki et al. [30] 195 37
Sarcopenic 89 (45.6%) 85.3 months 2.2%
Non-sarcopenic 106 (54.4%) 96.3 months 2.8%

p = 0.72 p = 0.8

Berardi et al. [7] 234 - - 3

Sarcopenic 91 (38.8%) - 1.3%
Non-sarcopenic 85 (53.5.%) - 0

- -
Kim et al. [32] 159 70.2% 27% 1

Sarcopenic 74 (46.5%) - -
Non-sarcopenic 85 (53.5%) - -

- -
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Table 5. Cont.

Study Population
5-Year

Overall
Survival

Mortality (30
Days)

Follow-Up
(Months)

Hou et al. [33] 153 21.4% 71.2% 41.3
Sarcopenic 77 (50.3%) - -
Non-sarcopenic 76 (49.7%) - -

- -
Zhou et al. [34] 195 - 79.1% NA

Sarcopenic 89 (45.6%) 21 months -
Non-sarcopenic 106 (54.4%) 6 months -

p < 0.001 -

Liu et al. [5] 182 63% - 32.5

Sarcopenic 48 (26.4%) - -
Non-sarcopenic 134 (73.6%) - -

- -
Xiong et al. [36] 114 34.3% 60

Sarcopenic 58 (50.8%) - -
Non-sarcopenic 56 (49.2%) - -

- -
Pessia et al. [37] 74 32

Sarcopenic 48 (64.8%) Significantly
worse -

Non-sarcopenic 26 (35.2%) - -
p = 0.0297 -

Xu et al. [38] 1420 12

Sarcopenic 458 (32.2%) Significantly
worse -

Non-sarcopenic 962 (67.8%) - -
p = 0.002 -

Furukawa et al. [8] 63 36
Sarcopenic 33 (52.3%) 63.9% -
Non-sarcopenic 30 (47.7%) 77.7% -

p = 0.02 -

Table 6. Odds ratio for right and left colon.

Studies Patients Right Colon Left Colon Odds Ratio Lower 95% CI Upper 95% CI

Bajric et al. (2022) [24] 355 180 175 4 3.2083 6.1028

Kobayashi et al. (2017) [4] 124 69 55 0.5555 0.2993 1.031

Lodewick et al. (2015) [26] 80 24 1.8452 0.9799 3.4748

Peng et al. (2011) [27] 259 191 68 0.8176 0.5317 1.2572

Runkel et al. (2021) [9] 94 60 34 1.751 0.9954 3.081

Vledder et al. (2012) [28] 196 116 80 0.8026 0.5121 1.2578

Berardi et al. (2020) [7] 234 96 1.5511 1.0884 2.2106

Wijk et al. (2021) [35] 128 58 70 2.6167 1.678 4.0806

Liu et al. (2020) [5] 182 82 100 1.0654 0.6918 1.6406

Pessia et al. (2021) [37] 74 34 40 2.6118 1.4566 4.6831

Furukawa et al. (2021) [8] 118 48 70 1.3345 0.7948 2.2407
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Figure 7. Forest plot for right and left colon [4,5,7–9,24,26–28,35,37].

4. Discussion

In our systematic review, we assessed the effects of preoperative sarcopenia on the
survival and postoperative complications of patients undergoing hepatectomy for HCC
or CRLM. The meta-analysis showed that OS was statistically significantly shorter in sar-
copenic patients compared to non-sarcopenic patients and that patients with preoperative
sarcopenia had a statistically significantly higher complication rate than non-sarcopenic
patients. Regarding postoperative mortality, no difference was reported between the two
groups of patients. Interestingly, patients who had undergone right colectomy were more
likely to develop sarcopenia compared to those who had undergone left colectomy. During
right colectomy, the cecum and terminal ileum are resected, which are important parts
of the large intestine for absorbing water, electrolytes and nutrients. Therefore, special
attention should be paid to the postoperative nutrition of these patients, which is addressed
later in this section. Short OS and increased morbidity of patients undergoing hepatectomy
for liver metastases were also reported by O’Connel et al. in their meta-analysis. At the
same time, they noted that obesity was not associated with worse oncological outcomes [39].
Poor prognosis of patients with sarcopenia treated for HCC was also reported in a recent
meta-analysis by Kong et al. [40]. Furthermore, Thormann et al. concluded that low skeletal
muscle mass led to significantly more postoperative complications after surgery for hepatic
metastases but not after surgery for HCC or cholangiocarcinoma [41]. Conversely, Erikson
et al. did not find a correlation between muscle loss and worse OS in their study of patients
treated for colorectal liver metastases [17]. The different conclusions may be explained
when considering that other factors, such as muscle strength or physical performance of
the patients, could also affect the perioperative risk [42]. However, sarcopenia has been
associated with short OS and high rates of complications in various studies in the literature,
including patients with other hepatopancreatobiliary malignancies, gastric, colorectal or
small-cell lung cancer [43–47].

In order to diagnose sarcopenia, the muscle mass of the patient needs to be calculated
first. A CT scan is used to measure muscle density at the level of the third lumbar vertebra,
which is then normalized for the patient’s height. The resulting value is known as the
SMI. A patient with an SMI below a certain cut-off value is characterized as sarcopenic.
Various means of determining an SMI cut-off value have been described in the literature.
The most common method is using data from healthy individuals to calculate the mean
SMI. Sarcopenia is defined as more than two standard deviations below the mean [48,49].
Another means commonly used both in the literature and in the studies included in our
review is optimal stratification of the data, which results in the ideal cut-off value for both
men and women [28,50]. Even though the methods for cut-off calculation are standard,
the cut-off value itself varies greatly among the different studies. For instance, some SMI
cut-offs used for patients with respiratory or gastrointestinal tract tumors were 38.5, 30.88
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or 41.1 for women and 52.4, 40.33 or 43.75 for men [28,48–50]. Efforts should be made to
introduce a standard and universal sarcopenia definition, so that the effects of sarcopenia
on patients with cancer can be more systematically assessed.

Another confounding factor is that the administration of NAC in patients undergoing
curative intent surgery for hepatic malignancies is not systematically addressed in the
literature. In our review, only 10 out of 26 studies reported the administration of neoad-
juvant chemotherapy, as shown in Table 2, while in 2 out of 10 studies [29,34], none of
the patients received systematic therapy. Even though the administration of preopera-
tive chemotherapy is similar among sarcopenic and non-sarcopenic patients, there are
not enough data regarding the tolerance or completion of it [18]. Furthermore, loss of
skeletal muscle has been reported after NAC, which may further worsen the performance
status of sarcopenic individuals and lead to poor outcomes. This was shown in a study by
Miyamoto et al. after NAC administration for unresectable colorectal cancer [51]. However,
Eriksson et al. did not report worse OS after NAC in patients with resectable colorectal
liver metastases who had lost over 5% of skeletal muscle during therapy [17]. It is evident
that chemotherapy may indeed affect the patient’s preoperative status, but unfortunately,
insufficient data are available in the literature. Future studies should focus on reporting
the effects of chemotherapy on preoperative nutritional status, so that the timing of the
operation and the perioperative support can be optimized.

Sarcopenia is frequent in patients with cancer and especially in patients with liver
cancer. Its impact on survival dictates the necessity for adequate prevention, which is
challenging due to its multifactorial nature [52]. Body composition, such as myosteatosis,
central or sarcopenic obesity and visceral fat amount seem to gain popularity as predic-
tors of survival too, which implies the critical role of nutritional status [7,35]. Two major
strategies have been described to improve body composition. The first is nutritional ther-
apy, which includes preoperatively adding branched-chain amino acids, leucine, lipids,
dextrose and L-carnitine to the patient’s diet. Fan et al. divided their patients undergoing
hepatectomy for HCC into two groups: one who received nutritional support and one
control group. They showed that the worsening of liver function, sepsis-related compli-
cations and overall postoperative morbidity were lower in the nutrition compared to the
control group (34% vs. 55%) [53]. The second is physical activity, which could inhibit the
progress of sarcopenia by recruiting more myofibers, although reversing it remains unclear.
Another promising method to reverse sarcopenia is the use of selective androgen receptor
modulators (SARMs). Due to their anabolic effects, SARMs increase bone and muscle mass
and inhibit protein degradation, decreasing sarcopenia’s progression rate [54]. To conclude,
multidisciplinary support should be considered in select cases of sarcopenic patients who
undergo surgical and systematic therapy in order to improve or even reverse sarcopenia
and optimize the outcomes.

One limitation of our systematic review is that the studies included were retrospective
cohort studies, thereby prone to recall or selection bias. Another limitation is that there
are no standard SMI cut-offs for diagnosing sarcopenia. Even when the same statistical
method was applied to determine the cut-offs, different thresholds occurred in different
populations. Furthermore, patients did not undergo the same type of hepatectomy, which
may have affected survival, as larger operations tend to have more complications. Of
note, operations were performed in different institutes by different teams with variable
experience. In our study, we included patients with both primary and metastatic liver
disease. A more advanced disease is by nature a poor prognostic factor, and patients
with metastatic disease usually present with worse performance status, which in turn may
affect the postoperative outcomes independently. Of note, none of the studies reported
the administration of preoperative nutritional support. Finally, some patients received
neoadjuvant chemotherapy, but the timing from last therapy to surgery was not available.
Also, the follow-up varied greatly among the studies and was unavailable in many of them.
In future, studies should focus on standardizing sarcopenia assessment and determining
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universal cut-off values based on data from large populations, as well as on incorporating
methods for improvement of preoperative patient status in order to optimize patient care.

5. Conclusions

In conclusion, sarcopenia could lead to poor OS and high complication rates in patients
undergoing hepatectomy for HCC or CRLM. We showed that sarcopenic patients had a
significantly decreased OS and significantly more postoperative complications compared
to non-sarcopenic patients. However, by integrating perioperative nutritional support and
physical activity, the effects of sarcopenia could be reversed, with potentially improved
postoperative outcomes. Future research should focus on conducting large prospective
studies in high-volume centers with standardized protocols in an attempt to achieve optimal
results for select patients with liver malignancy undergoing curative intent surgery.
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