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Editorial on the Research Topic
Increasing patient’s safe in colorectal surgery via real-time bowel
perfusion using near infrared ICG fluorescence studies

by Ambe PC. (2022) Front. Surg. 9: 922090. doi: 10.3389/fsurg.2022.922090
Anastomotic leakage (AL) is the most feared complication in colorectal surgery and

preventing this serious morbidity is a primary goal. Although the etiology of AL is

multifactorial, three categories of risk factors can be identified. The first group

includes “patient-related factors” like advanced age, male gender, obesity, concomitant

diseases, etc. The second group is directly associated with the underlying pathology

e.g., low rectal cancer and prior radiation, while the third group is surgery-related.

The third group may include all perioperative aspects from preoperative preparation,

surgical technique, postoperative management, etc and is therefore not limited to the

expertise of the operating surgeon alone.

Anastomotic leakage is a complication that has probably been encouraged by almost

every colorectal or gastrointestinal surgeon. Ever wondered why an AL develops even

after creating a vital, tension-free and air-tight anastomosis? Maybe the perfusion was

not as good as you conceived! Our judgement of bowel perfusion at the anastomotic

site may not be always objective.

Over the last years objective real-time studies of bowel perfusion during the

creation of an anastomosis has been increasingly reported. Fluorescent studies using

indocyanine green (ICG) is one method of judging bowel perfusion during surgery.

While the application of ICG is not new in medicine and surgery, its application in

colorectal surgery is being advocated as a new standard with regard to evaluation of

bowel perfusion.
frontiersin.org
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FIGURE 1

(A) real-time ICG fluorescence studies prior to bowel transection. (B) ICG-Studies during colorectal Anastomosis.

Ambe 10.3389/fsurg.2022.922090
In a recently published retrospective study Neddermeyer

et al. (1) compared the outcomes of two cohorts with and

without ICG imaging prior to colorectal or coloanal

anastomosis following left-sided colectomy or rectal resection

with respect to the rate of AL. Patients with benign (mostly

diverticular disease) and malignant pathologies (colorectal

cancer) were included in this study. The primary endpoint

was the rate of AL.

The transection line was chosen by the leading surgeon

based on bowel coloration in white-light, pulsation of end

vessels and peristaltic waves prior to bowel transection. Then

ICG was injected for perfusion studies. Per institutional

protocol 5 ml ICG (5 mg/ml) was injected to judge the

perfusion of the proximal colon after the anvil has been
Frontiers in Surgery
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implanted. The degree of fluorescence of the colon was

compared and judged with that of the small bowel. Using this

algorithm, the future anastomosis site at the proximal colon

was deemed as poorly perfused and was corrected in 12.9% of

cases following ICG- imaging. Overall, a statistically

significant lower rate of AL was documented in the ICG

group compared to the non-ICG cohort (1.4 vs. 14.5%).

This study, albeit its retrospective design aimed at

investigating the rate of AL in cases with ICG vs. no-ICG and

represents one of the first studies of its kind. The main result

confirms the importance of ICG imaging as a simple and

effective means of reducing the risk of AL in colorectal

surgery. This finding is even more compelling considering the

fact that a correction of the transection line was performed in
frontiersin.org
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12.9% in the ICG group. If perfusion was the sole reason for AL

in colorectal surgery, which is not, this finding would have

meant 12.9% more cases of AL in the ICG cohort.

Despite the magnitude of the main finding from this study,

some methodological aspects in the study by Neddermeyer et al.

(1) may are worth discussing. My personal approach is to

perform ICG prior to bowel transection (Figure 1A). This

eliminates the need for correcting the transection line prior to

anastomosis. Also, the perfusion of the distal bowel (usually

the rectum) was not accessed by Neddermeyer et al. (1). The

rectal stump could as well be poorly perfused, especially

following radical resection for cancer. I therefore advocate a

second perfusion study, again with 2.5 ml ICG just before

complete closure of the stapling device (Figures 1A,B).

Despite different application methods, studying bowel

perfusion objectively prior to creating an anastomosis and

ensuring viable bowel perfusion is crucial in reducing the risk

of AL. However, it must be clearly stated that, if sub-optimal

perfusion was the only culprit, the rate of AL would be zero

in all ICG cohorts. This emphasizes the multifactorial cause of
Frontiers in Surgery
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AL. Nevertheless, real-time perfusion studies using ICG can

be seen as an additional means of increasing patient’s safety

in colorectal surgery.
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Effect of Indocyanine Green
Fluorescence Angiography on
Anastomotic Leakage in Patients
Undergoing Colorectal Surgery: A
Meta-Analysis of Randomized
Controlled Trials and
Propensity-Score-Matched Studies
Gang Tang 1, Donglin Du 1, Jie Tao 2 and Zhengqiang Wei 1*

1Department of Gastrointestinal Surgery, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China,
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Background: Meta-analyses have demonstrated that indocyanine green (ICG) can

effectively prevent anastomotic leakage (AL) after colorectal surgery. However, recent

evidence from large randomized controlled trial (RCT) has suggested that ICG

fluorescence angiography does not reduce the incidence of AL in colorectal surgery.

This study was conducted to evaluate the value of ICG for the prevention of AL following

colorectal surgery.

Methods: Up to September 16, 2021, PubMed, Embase, China National Knowledge

Infrastructure, Web of Science, Scopus, Cochrane Library, and VIP databases were

searched for RCTs and propensity-score matched (PSM) studies evaluating the use of

ICG for prevention of AL after colorectal surgery. Mean differences (MDs) or odds ratios

(ORs) and 95% confidence intervals (CI) were calculated.

Results: Twenty studies (5 RCTs and 15 PSM studies) with a total of 5,125 patients

were included. ICG did not reduce the reoperation rate (OR, 0.71; 95% CI, 0.38,

1.30), conversion rates (OR, 1.34; 95% CI, 0.65, 2.78), or mortality (OR, 0.50;

95% CI, 0.13, 1.85), but ICG did reduce the incidence of AL (OR, 0.46; 95% CI,

0.36, 0.59) and symptomatic AL (OR, 0.48; 95% CI, 0.33, 0.71), and reduced the

length of hospital stay (MD,−1.21; 95% CI,−2.06,−0.35) and intraoperative blood loss

(MD,−9.13; 95% CI,−17.52,−0.74). In addition, ICG use did not increase the incidence

of total postoperative complications (OR, 0.93; 95% CI, 0.64, 1.35), postoperative

ileus (OR, 1.26; 95% CI, 0.53, 2.97), wound infection (OR, 0.76; 95% CI, 0.44,

1.32), urinary tract infection (OR, 0.87; 95% CI, 0.30, 2.59), pulmonary infection

(OR, 0.23; 95% CI, 0.04, 1.45), urinary retention (OR, 1.08; 95% CI, 0.23, 5.04),

anastomotic bleeding (OR, 1.53; 95% CI, 0.27, 8.60), anastomotic stricture (OR,

0.74; 95% CI, 0.24, 2.29), or operative time (MD,−9.64; 95% CI,−20.28, 1.01).
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Conclusions: ICG can effectively reduce the incidence of AL, without prolonging the

operation time or increasing postoperative complications in colorectal surgery.

Systematic Review Registration: www.crd.york.ac.uk/prospero/#recordDetails,

identifier: CRD42021279064.

Keywords: indocyanine green fluorescence angiography, anastomotic leakage, colorectal surgery, meta-analysis,

randomized controlled trial

INTRODUCTION

Anastomotic leakage (AL) is one of the most destructive
complications of colorectal surgery, which is associated
with increased length of hospital stay, hospitalization costs,
postoperative morbidity and mortality (1, 2). More worryingly,
studies have shown that AL can also harm patient’s long-term
outcomes (3, 4). The incidence of AL after colorectal surgery
is as high as 3–20%, especially in rectal surgery (5, 6). The risk
factors for AL include male, age, preoperative chemotherapy and
radiotherapy, high ASA score, advanced tumor, malnutrition,
smoking, alcoholism, obesity, complications, intraoperative
sepsis, immunosuppression, blood loss, prolonged operation
time, perioperative blood transfusion, diverticutis and
inadequate anastomotic blood supply (6, 7). Adequate blood
perfusion is the key to good anastomotic healing (1). Therefore,
detection of intestinal segments with poor blood supply during
surgery can effectively reduce the incidence of AL. Traditionally,
surgeons have assessed the blood supply of the anastomotic
site primarily by the color of the intestinal mucosa, marginal
bleeding, and palpable arterial pulses in the mesentery (8).
However, this assessment strategy is susceptible to the clinician’s
experience and has low accuracy (9). Therefore, it is urgent to
find reliable strategies to evaluate anastomotic perfusion.

Indocyanine green (ICG) is a water-soluble tricarbine

compound that rapidly binds to plasma proteins when
administered intravenously. ICG can absorb near-infrared

light, and fluorescence angiography of ICG enables real-time
evaluation of blood perfusion during surgery (10, 11). ICG

has been widely used in various surgical procedures (12–14).
Several cohort studies have suggested that ICG fluorescein
angiography may be a potential strategy for preventing AL after
colorectal surgery (15–19). However, baseline data from most

cohort studies (15–19) do not match, which has stimulated the
interest of investigators in conducting high-quality randomized
controlled trials (RCTs) to investigate the effect of ICG on AL

prevention. Two large and highly anticipated RCTs (20, 21)
published recently have shown that ICG fluorescein angiography
does not reduce the incidence of postoperative AL, nor does it

reduce postoperative complications or mortality. Existing meta-
analyses include either low-quality evidence or a limited number

of RCTs, so the results of these meta-analyses (4, 5, 8, 22, 23)
are not convincing. Propensity-score matched (PSM) study was
able to eliminate baseline differences between the experimental
and control groups, there is plenty of evidence that PSM studies
are almost equivalent to RCTs in evaluating the efficacy of
interventions (24).

In order to resolve the current conflicting findings and
overcome the lack of high-quality evidence, we conducted a
comprehensive literature search and analyzed data from RCTs
and PSM studies to clarify the prophylactic effect of ICG on
postoperative anastomotic leakage in colorectal surgery.

METHODS

Search Strategy
Our meta-analysis was conducted based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (25). We successfully registered this study
protocol on PROSPERO (registration no. CRD42021279064).
The Embase, China National Knowledge Infrastructure, Web of
Science, Scopus, PubMed, Cochrane Library, and VIP databases
were searched to identify RCTs and PSM studies evaluating the
effect of ICG in colorectal surgery from inception to September
16, 2021. There are no language restrictions on retrieval. The
search terms were: (stomal leak OR anastomotic leakage) AND
(indocyanine greenOR ICG). To identify potential relevant trials,
the reference lists of all included articles were reviewed.

Study Selection
Literatures were screened by two independent authors according
to the following inclusion criteria: (1) patients undergoing
colorectal surgery; (2) intervention with ICG fluorescence
angiography; (3) compare with surgeon’s judgement visually;
(4) the outcomes included any of the following: AL rate,
symptomatic anastomotic leakage (SAL) rate, postoperative
complications, conversion rates, length of postoperative hospital
stay, reoperation rate, blood loss mortality and operative time.
(5) the study design was RCT or PSM. Meeting abstract, letters,
reviews, Studies involving non-human subjects, and case reports
were excluded.

Data Extraction
The following data were extracted: first author, year, type of
study, sample, age, gender, primary disease, type of surgery
and outcomes. AL is defined as the communication between
the intestinal lumen and the outside due to the defect of the
integrity of the intestinal wall at the anastomosis (23). AL can
be classified into three different grades: grade A, grade B and
grade C. Grade A AL, also known as asymptomatic AL, referred
to leakage detected only by imaging examination without clinical
manifestations or abnormal laboratory examination. Grade B AL
was defined as leakage that requires active intervention but does
not require reoperation. Grade C AL was defined as leakage
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FIGURE 1 | Flow chart of literature search and screening.

requiring reoperation. Grade B and C AL were referred to as SAL
(26). If some necessary information could not be extracted from
the article, we would contact the corresponding author to try to
obtain the missing data.

Quality Assessment
The Cochrane Collaboration tool for risk of bias was used
to assess the risk of bias in RCTs, including the following
domains: (a) sequence generation; (b) allocation concealment; (c)
blinding of participants and personnel; (d) blinding of outcome
assessment; (e) incomplete outcome data; (f) selective outcome
reporting; (g) other potential sources of bias. We used the
Newcastle-Ottawa score (NOS) to assess the risk of bias in PSM.
Three methodological aspects (selection of participants, groups
comparability, and outcome) were assessed using a 9-point scale.
During the process of literature retrieval, screening, information
extraction and quality assessment, any differences between the
two authors (Tang and Du) were discussed and resolved with the
third author (Tao).

Statistical Analysis
For dichotomous data, the odds ratio (OR) and 95% confidence
intervals (CIs) was calculated. The mean difference (MD)
associated 95% confidence intervals (CI) was calculated for

continuous outcome data (27). Heterogeneity was assessed using
the chi-square test and I2. When I2 > 50%, heterogeneity
was considered significant (28). We selected the random-effects
model and carried out all statistical analyses taking into account
heterogeneity within and between studies. Subgroup analysis was
based on type of surgery (low anterior resection only) and type of
study design (RCT only). To evaluate the impact of each study on
the pooled effect size, sensitivity analysis was conducted using 1-
study excluded approach. Analyses were conducted using Review
Manager (RevMan) Version 5.3 (The Nordic Cochrane Centre,
The Cochrane Collaboration 2014; Copenhagen, Denmark).
Funnel plots was performed to evaluate publication bias. P< 0.05
was considered statistically significant.

RESULTS

Selected Studies
A total of 1,617 relevant studies were identified by a preliminary
search. After excluding 592 duplicate records, 1,025 articles were
eliminated by reading titles and abstracts. Full-text evaluation
was conducted in the remaining 33 studies, and finally, 20 studies
(20, 21, 26, 29–45) that met the inclusion criteria were included
(Figure 1).
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TABLE 1 | Characteristics of 20 eligible studies.

Reference Country Study

design

Sample Age Gender

(M/ F)

Primary

disease

Operation

method

Fluorescence imaging

system

ICG dose Outcomes

Kudszus et al.

(29)

Germany PSM I: 201

C: 201

I: 68

C: 69

I: 85/116

C: 85/116

Colorectal

cancer

Colorectal

resection

IC-View®, Pulsion Medical

Systems AG, Munich,

Germany

0.2–0.5

mg/kg

AL rate

Kin et al. (30) USA PSM I: 173

C: 173

I: 58

C: 58

I: 93/80

C: 93/80

Malignant or

benign

disease

Colectomy or

proctectomy

SPY Imaging System

(Novadaq Technologies Inc,

Bonita Springs, FL)

3ml AL rate; Reoperation

Boni et al. (31) Austria PSM I: 42

C: 38

I: 69

C: 67

I: 28/14

C: 22/16

Rectal cancer Laparoscopic

LAR

The Karl Storz image1

fluorescence system (Karl

Storz, Tuttlingen, Germany)

0.2 mg/kg AL rate; Reoperation;

Postoperative morbidity;

Mortality; Operative time;

Postoperative hospital

stay; No side effects or

allergic reaction related to

the injection of ICG.

Mizrahi et al.

(32)

USA PSM I: 30

C: 30

I: 58

C: 58

I: 16/14

C: 18/12

Rectal cancer Laparoscopic

LAR

The PINPOINTTM

Endoscopic Fluorescence

Imaging System (Novadaq,

Toronto, Ontario, Canada)

0.1–0.3

mg/kg

AL rate; Postoperative

morbidity; Mortality;

Operative time;

Conversion rates; No side

effects or allergic reaction

related to the injection of

ICG

Pen et al. (33) China RCT I: 63

C: 82

I: 61

C: 62

I: 36/27

C: 40/42

Colorectal

cancer

Colorectal

resection

Fluorescent laparoscopic

system (Japan,Olympus

Corporation)

NA AL rate; Mortality; No side

effects or allergic reaction

related to the injection of

ICG

Wada et al.

(34)

Japan PSM I: 34

C: 34

I: 68

C: 67

I: 20/14

C: 24/10

Rectal cancer Laparoscopic

LAR

NIR camera system

(PDE-neo System;

Hamamatsu Photonics K.K.,

Hamamatsu, Japan)

5mg AL rate; Postoperative

morbidity; Mortality; No

adverse events related to

ICG were observe.

Ishii et al. (35) Japan PSM I: 87

C: 87

I: 64

C: 65

I: 49/38

C: 50/37

Colorectal

cancer

Laparoscopic

colorectal

resection

NA 5mg AL rate; No adverse

events related to ICG were

observe.

Kojima et al.

(36)

Japan PSM I: 27

C: 27

I: 72

C: 70

I: 15/12

C: 14/13

Colorectal

cancer

Laparoscopic

left-sided

colorectal

resection

The LSCI instrument

(moorFLPI-2; Moor

Instruments, Axminster, UK)

NA AL rate; Postoperative

morbidity; Mortality;

Conversion rates;

Postoperative hospital

stay

Spinelli et al.

(37)

Switzerland PSM I: 32

C: 32

I: 39

C: 46

I: 21/11

C: 22/10

Malignant or

benign

disease

LAR PINPOINT endoscopic

fluorescence imaging

system (Stryker, Kalamazoo,

Michigan, USA),

0.1–0.2

mg/kg

AL rate; Postoperative

morbidity; Conversion

rates; Operative time;

Postoperative hospital

stay; Reoperation

(Continued)
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TABLE 1 | Continued

Reference Country Study

design

Sample Age Gender

(M/ F)

Primary

disease

Operation

method

Fluorescence imaging

system

ICG dose Outcomes

Watanabe

et al. (45)

Japan PSM I: 211

C: 211

I: 66

C: 66

I: 128/83

C: 131/80

Rectal cancer Laparoscopic

LAR

Karl Storz (D-Light P;

Tuttlingen, Germany) and

the Stryker Corporation

(1588 AIM Platform;

Michigan, USA)

0.25 mg/kg AL rate; Postoperative

morbidity; Mortality;

Operative time;

Postoperative hospital

stay; Reoperation; Blood

loss

Losurdoet al.

(39)

Italy PSM I: 75

C: 75

I: 71

C: 68

I: 41/34

C: 49/26

Rectal and left

colon cancer

Rectal and left

colon cancer

surgery

A full HD camera system

(Karl Storz Image

1-Professional Image

Enhancement

System-SPIESTtm, Karl

Storz,Germany)

0.2 mg/kg AL rate; Operative time

Alekseev et

al. (40)

Russia RCT I: 187

C: 190

I: 63

C: 63

I: 92/95

C: 92/98

Malignant or

benign

sigmoid or

rectal

neoplasms

Sigmoid and

rectal

resection

Laparoscopic system (KARL

STORZ GmbH &Co. KG,

Tuttlingen, Germany) with

light source (D-LIGHT P

SCB, KARL STORZ)

0.2 mg/kg AL rate; Postoperative

morbidity; Mortality;

Operative time;

Postoperative hospital

stay; Reoperation; Blood

loss

De Nardi et al.

(20)

Italy RCT I: 118

C: 122

I: 66

C: 65

I: 60/28

C: 66/56

Malignant or

benign

disease

Laparoscopic

left-sided

colon and

rectal

resection

Camera equipped with a

xenon light source providing

both NIR wavelength and

standard light was

employed (KARL STORZ

GmbH & Co. KG, Tuttlin

gen, Germany)

0.3 mg/kg AL rate; Postoperative

morbidity; Mortality;

Reoperation; Operative

time; Postoperative

hospital stay; No adverse

events related to ICG were

observe

Foo et al. (26) China PSM I: 253

C: 253

I: 67

C: 67

I: 166/87

C: 163/90

Malignant or

benign

disease

Left-sided

colorectal

resections

The SPY Elite System

(Stryker, USA), Pinpoint

System (Stryker, USA)

5–7.5mg AL rate; Operative time;

Blood loss

Hasegawa et

al. (38)

Japan PSM I: 141

C: 279

I: 63

C: 63

I: 99/42

C: 203/76

Rectal cancer Laparoscopic

LAR

The IMAGE1 STM system

(Karl Storz SE & Co. KG,

Tuttlingen, Germany), 1588

Advanced Imaging

Modalities (AIM) Platform

and SPY Fluorescence

technology (Stryker,

Kalamazoo, MI, USA), or

HyperEye Medical System

Handy (Mizuho Medical Co.

Ltd., Tokyo, Japan)

5mg AL rate; Operative time;

Blood loss; Mortality

(Continued)
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TABLE 1 | Continued

Reference Country Study

design

Sample Age Gender

(M/ F)

Primary

disease

Operation

method

Fluorescence imaging

system

ICG dose Outcomes

Wojcik et al.

(41)

France PSM I: 42

C: 42

I: 67

C: 69

I: 29/13

C: 29/13

Left-sided

colonic or

rectal cancer

Left

colectomy or

anterior

resection

NIR light images

(FLUOBEAM; Fluoptics,

Grenoble, France) or on

fusion images merging NIR

and standard white light

images (PINPOINT; Stryker,

Kalamazoo, Michigan, USA)

0.1 mg/kg AL rate; Postoperative

morbidity; Mortality;

Operative time;

Postoperative hospital

stay; Conversion rates

Jafari et al.

(21)

USA RCT I: 178

C: 169

I: 57

C: 57

I: 104/74

C: 99/70

Rectal cancer LAR PINPOINT and/or SPY Elite

near infrared range

fluorescence imaging

(Stryker, Kalamazoo, MI)

7.5mg AL rate; Postoperative

morbidity; Mortality;

Conversion rates

Watanabe et

al. (42)

Japan PSM I: 370

C: 370

I: 72

C: 72

I: 187/183

C: 187/183

Colon Cancer Colon cancer

surgery

The Stryker Corporation

(1588 AIM Platform; MI,

USA), Olympus Medical

Systems Corporation

(VISERA ELITE II, Tokyo,

Japan) and Karl Storz

(D-Light P; Tuttlingen,

Germany).

0.25 mg/kg AL rate; Postoperative

morbidity; Mortality;

Operative time;

Reoperation;

Postoperative hospital

stay; Blood loss

Guocong

et al. (43)

China RCT I: 130

C: 130

I: 68

C: 67

I: 67/63

C: 71/59

Colorectal

cancer

Laparoscopic

colorectal

resection

Fluoroscopy

(optomedic-2100)

NA AL rate; Mortality;

Operative time;

Postoperative hospital

stay; Blood loss

Yanagita et al.

(44)

Japan PSM I: 93

C: 93

I: N

C: N

I: N

C: N

Left-sided

colon or rectal

cancer

Left-sided

colon or rectal

cancer

surgery

near-infrared excitation light

(we used mainly Hyper Eye

Medical Systems: Mizuho

Medical Co., Ltd, Nagoya,

Japan and/or IMAGE 1

SPIESTM, KARL STORZ SE

& Co. KG, Tuttlingen,

Germany)

0.1 mg/kg AL rate; Operative time;

Blood loss; Conversion

rates

AL, anastomotic leakage; C, control group; F, Female; I, intervention group; M, Male; LAR, low anterior resection; PSM, propensity-score matched study; N, not available; RCT, randomized controlled trial; USA, the United States

of America.
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TABLE 2 | Outcome of assessment of the quality of non-randomized studies using the Newcastle-Ottawa scale.

Reference Selection Comparability Outcome Total

score

Representativeness

of the exposed

cohort

Selection

of non-

exposed

cohort

Ascertainment

of exposure

Outcome

not

presented

at the

start

Assessment

of

outcome

Follow-up

long

enough

Adequacy

of follow

up

Kudszus et al. (29) * - * * ** * - - 6/9

Kin et al. (30) * - * * ** * * * 8/9

Boni et al. (31) * - * * ** * - - 6/9

Mizrahi et al. (32) * - * * ** * * * 8/9

Wada, et al. (34) * - * * ** * - * 7/9

Ishii et al. (35) * * * * ** * - * 8/9

Kojima et al. (36) * - * * ** * - * 7/9

Spinelli et al. (37) * - * * ** * * * 8/9

Watanabe et al.

(45)

* * * * ** * - * 8/9

Losurdo et al. (39) * - * * ** * - * 7/9

Foo et al. (26) * - * * ** * * * 8/9

Hasegawa et al.

(38)

* * * * ** * - * 8/9

Wojcik et al. (41) * * * * ** * - * 8/9

Watanabe et al.

(42)

* * * * ** * - * 8/9

Yanagita et al. (44) * - * * ** * - * 7/9

A single asterisk (*) indicates 1 score, ** indicates 2 score, and dash (-) indicates 0 score.

Study Characteristics
Twenty studies (20, 21, 26, 29–45), involving 5,125 participants
from 9 countries (United States, Japan, Switzerland, Russia, Italy,
France, China, Austria, and Germany), were included in our
meta-analysis. Fifteen of the eligible studies (26, 29–32, 34–39, 41,
42, 44, 45) were PSM, while five were RCTs (20, 21, 33, 40, 43).
The sample size varied from 54 to 740 subjects. Seven studies
(21, 31, 32, 34, 37, 38, 45) performed low anterior resection
and the remaining thirteen (20, 26, 29, 30, 33, 35, 36, 38–44)
performed colorectal surgery. Follow-up ranged from 30 to 90
days. Most of the studies (21, 29, 31–36, 38, 39, 41–45) included
patients only confined to malignant colorectal disease, whereas,
five studies (20, 26, 30, 37, 40) included patients with both
malignant and benign colorectal disease. Details of the 20 eligible
studies (20, 21, 26, 29–45) are summarized in Table 1.

Quality Assessment
Fifteen trials were evaluated to be of good quality based on the
NOS (Table 2) with scores of 6 andmore. The risk of bias of RCTs
is shown in Figure 2. The 5 RCTs were assessed to be of low risk.

Meta-Analysis
AL Rate
AL rate was reported in all 20 studies (20, 21, 26, 29–45).
Compared with the control group, the incidence of AL was

significantly reduced in the ICG group (OR, 0.46; 95% CI, 0.36,
0.59; P < 0.00001). No significant heterogeneity was observed (P
= 0.44; I2 = 1%) (Figure 3). The results of subgroup analysis
showed that ICG could effectively reduce the incidence of AL
in both RCTs (20, 21, 33, 40, 43) (OR, 0.55; 95% CI, 0.34, 0.88;
P = 0.01; I2 = 17%) (Table 3) and PSM studies (26, 29–32, 34–
39, 41, 42, 44, 45) (OR, 0.41; 95% CI, 0.30, 0.56; P < 0.00001; I2

= 0%) (Table 3). When subgroups were performed according to
surgical methods, ICG could effectively reduce the incidence of
AL regardless of colorectal surgery (20, 26, 29, 30, 33, 35, 36, 38–
44) (OR, 0.45; 95% CI, 0.34, 0.61; P < 0.00001; I2 = 0%) (Table 3)
or low anterior resection (21, 31, 32, 34, 37, 38, 45) (OR, 0.45; 95%
CI, 0.26, 0.78; P = 0.004; I2 = 21%) (Table 3).

Ten studies (20, 26, 31, 34, 36, 37, 39, 40, 44, 45) described
the incidence of SAL. Data from RCTs and PSM studies showed
that ICG was associated with a lower risk of SAL, with low
heterogeneity between studies (OR, 0.48; 95% CI, 0.33, 0.71; P
= 0.0002; I2 = 0%) (Figure 4).

Postoperative Complications
Postoperative complications were described in 11 studies (20, 21,
31, 32, 34, 36, 37, 40–42, 45). The total effect size indicated that
intraoperative ICG fluorescence angiography did not reduce the
incidence of total complications, with significant heterogeneity
between studies (OR, 0.93; 95%CI, 0.64, 1.35; P= 0.70; I2 = 64%)
(Figure 5). When subgroup analysis was performed by study
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FIGURE 2 | Risk of bias for each included study. (A) Risk of bias summary. (B) Risk of bias graph.

type, the combined effect size of both RCTs (20, 21, 40) (OR,
0.74; 95% CI, 0.53, 1.02; P = 0.06) (Table 3) and PSM studies
(31, 32, 34, 36, 37, 41, 42, 45) (OR, 1.10; 95% CI, 0.62, 1.95; P =

0.75) (Table 3) showed that ICG did not increase the incidence of
total postoperative complications, and heterogeneity in the RCTs
subgroup was significantly reduced (P= 0.50; I2 = 0%) (Table 3).

Postoperative Ileus
Evidence from a combination of 7 studies (20, 21, 31, 32,
34, 35, 40) suggests that ICG does not reduce the incidence
of postoperative ileus, and no significant heterogeneity was
observed between studies (OR, 1.26; 95% CI, 0.53, 2.97; P= 0.60;
I2 = 41%) (Figure 6A). When subgroup analysis was based on
study type, both RCTs (20, 21, 40) (OR, 1.06; 95% CI, 0.32, 3.54;
P = 0.93; I2 = 58%) (Table 3) and PSM studies (31, 32, 34, 35)
(OR, 1.93; 95% CI, 0.57, 6.50; P = 0.29; I2 = 7%) (Table 3)
showed that ICG did not reduce the incidence of postoperative

intestinal obstruction. There was no significant heterogeneity
between subgroups (P = 0.49; I2 = 0%) (Table 3).

Wound Infection
Postoperative wound infection was reported in 8 studies (20, 31,
32, 34, 36, 40, 42, 45) (2 RCTs, 6 PSM studies), ICG did not
reduce the risk of postoperative wound infection, and there was
no significant heterogeneity between studies (OR, 0.76; 95% CI,
0.44, 1.32; P = 0.33; I2 = 0%) (Figure 6B). Both RCTs (20, 40)
(OR, 0.52; 95% CI, 0.15, 1.89; P = 0.32; I2 = 16%) (Table 3) and
PSM studies (31, 32, 34, 36, 42, 45) (OR, 0.84; 95%CI, 0.45, 1.57; P
= 0.58; I2 = 0%) (Table 3) showed that ICG does not reduce the
incidence of postoperative wound infection. Subgroup analysis
showed that ICG did not reduce the incidence of postoperative
wound infection during colorectal surgery (20, 36, 40, 42) (OR,
0.60; 95% CI, 0.32, 1.15; P = 0.13; I2 = 0%) (Table 3) or low
anterior resection (31, 32, 34, 45) (OR, 1.38; 95% CI, 0.49, 3.89; P
= 0.55; I2 = 0%) (Table 3).
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FIGURE 3 | Effect of indocyanine green on anastomotic leakage rate.

Urinary Tract Infection
Three studies (20, 31, 34) reported the urinary tract infections
of both groups, and the difference between the ICG group and
control group was not statistically significant (OR, 0.87; 95% CI,
0.30, 2.59; P = 0.81) (Figure 6C). No significant heterogeneity
was observed (P = 0.60; I2 = 0%) (Figure 6C).

Pulmonary Infection
Pulmonary infection was reported in two studies (20, 34).
Results of the meta-analysis showed that ICG did not reduce the
incidence of pulmonary infection (OR, 0.23; 95% CI, 0.04, 1.45; P
= 0.12) (Figure 6D), and there was no significant heterogeneity
between studies (P = 0.68; I2 = 0%) (Figure 6D).

Urinary Retention
A combined dataset of 517 participants from three studies (31,
32, 40) showed that ICG did not reduce the risk of postoperative
urinary retention (OR, 1.08; 95% CI, 0.23, 5.04; P = 0.92)
(Figure 7A). No significant heterogeneity was observed (P =

0.26; I2 = 25%) (Figure 7A).

Anastomotic Bleeding
Four studies (20, 34, 42, 45) reported the rate of anastomotic
bleeding. Intraoperative ICG fluorescence angiography did not
reduce (OR, 1.53; 95% CI, 0.27, 8.60; P = 0.63) (Figure 7B) the
incidence of anastomotic bleeding, and there was no significant
heterogeneity (P = 0.15; I2 = 43%) (Figure 7B) between studies.

Anastomotic Stricture
Two trials (20, 26) reported the Incidence of anastomotic
stricture. There was no significant difference in the Incidence
of anastomotic stricture between the ICG and the control
groups (OR, 0.74; 95% CI, 0.24, 2.29; P = 0.61) (Figure 7C).
No significant heterogeneity (P = 0.61; I2 = 0%) (Figure 7C)
was observed.

Reoperation Rates
Eight studies (20, 29–31, 37, 40, 42, 45) assessed the effect of
ICG on postoperative reoperation rates. The combined effect size
showed a lower reoperation rate in the ICG group than in the
control group, but the difference was not statistically significant
(OR, 0.71; 95% CI, 0.38, 1.30; P = 0.26; I2 = 39%) (Figure 8A).
Subgroup analysis showed that ICG did not reduce reoperation
rate in both RCTs (20, 40) (OR, 1.29; 95% CI, 0.59, 2.84; P= 0.52;
I2 = 0%) (Table 3) and PSM studies (29–31, 37, 42, 45) (OR, 0.52;
95% CI, 0.26, 1.07; P = 0.08; I2 = 32%) (Table 3).

Conversion Rates
Six studies (21, 32, 36, 37, 41, 44) mentioned conversion rates.
ICG did not increase conversion rates during surgery compared
with the control group (OR, 1.34; 95% CI, 0.65, 2.78; P = 0.42)
(Figure 8B), with no significant heterogeneity between studies
(P = 0.69; I2 = 0%) (Figure 8B).
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TABLE 3 | Summary of results from all subgroup analyses.

Outcome Subgrouped by The number

of studies

Effect

size

95%CI I2 (%) P for between

subgroup

heterogeneity

AL Surgery type - - - - 0.27

Colorectal resection 13 0.45 0.34, 0.61 0 -

Low anterior resection 7 0.45 0.26, 0.78 21 -

Study type - - - - 0.32

PSM 15 0.41 0.30, 0.56 0 -

RCT 5 0.55 0.34, 0.88 17 -

SAL Surgery type - - - - 0.66

Colorectal resection 6 0.51 0.32, 0.82 4 -

Low anterior resection 4 0.43 0.22, 0.82 0 -

Study type - - - - 0.08

PSM 8 0.39 0.25, 0.61 0 -

RCT 2 0.81 0.41, 1.61 0 -

Postoperative morbidity Surgery type - - - - 0.16

Colorectal resection 5 0.77 0.56, 1.05 10 -

Low anterior resection 6 1.31 0.66, 2.61 78 -

Study type - - - - 0.23

PSM 8 1.10 0.62, 1.95 73 -

RCT 3 0.74 0.53, 1.02 0 -

Postoperative ileus Surgery type - - - - 0.46

Colorectal resection 3 1.82 0.65, 5.11 0 -

Low anterior resection 4 1.00 0.29, 3.44 51 -

Study type - - - - 0.49

PSM 4 1.93 0.57, 6.50 7 -

RCT 3 1.06 0.32, 3.54 58 -

Wound infection Surgery type - - - - 0.19

Colorectal resection 4 0.60 0.32, 1.15 0 -

Low anterior resection 4 1.38 0.49, 3.89 0 -

Study type - - - - 0.52

PSM 6 0.84 0.45, 1.57 0 -

RCT 2 0.52 0.15, 1.89 16 -

Anastomotic bleeding Surgery type - - - - 0.36

Colorectal resection 2 0.59 0.02, 19.75 73 -

Low anterior resection 2 3.72 0.60, 22.96 0 -

Reoperation Surgery type - - - - 0.30

Colorectal resection 5 0.82 0.42, 1.58 47 -

Low anterior resection 3 0.35 0.08, 1.51 14 -

Study type - - - - 0.10

PSM 6 0.52 0.26, 1.07 32 -

RCT 2 1.29 0.59, 2.84 0 -

Conversion rates Surgery type - - - - 0.98

Colorectal resection 3 1.35 0.16, 11.78 21 -

Low anterior resection 3 1.32 0.60, 2.91 0 -

Mortality Surgery type - - - - 0.48

Colorectal resection 4 0.36 0.07, 1.77 0 -

Low anterior resection 2 0.98 0.10, 9.54 0 -

Study type - - - - 0.54

PSM 3 0.75 0.12, 4.84 0 -

RCT 3 0.33 0.05, 2.10 0 -

(Continued)

Frontiers in Surgery | www.frontiersin.org 10 March 2022 | Volume 9 | Article 81575317

https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles


Tang et al. Indocyanine Green and Colorectal Surgery

TABLE 3 | Continued

Outcome Subgrouped by The number

of studies

Effect

size

95%CI I2 (%) P for between

subgroup

heterogeneity

Operative time Surgery type - - - - 0.03

Colorectal resection 7 1.78 −2.48, 6.03 23 -

Low anterior resection 5 −24.18 −47.85,−0.52 91 -

Study type - - - - 0.09

PSM 9 −14.45 −31.52, 2.62 91 -

RCT 3 0.94 −4.06, 5.95 23 -

Blood loss Surgery type - - - - 0.68

Colorectal resection 4 −3.87 −7.54,−0.21 54 -

Low anterior resection 2 −18.60 −89.49, 52.29 86 -

Study type - - - - 0.63

PSM 4 −10.20 −43.38, 22.99 90 -

RCT 2 −1.97 −4.81, 0.87 0 -

Postoperative hospital stay Surgery type - - - - 0.49

Colorectal resection 7 −1.10 −2.05,−0.16 86 -

Low anterior resection 2 −1.78 −3.46,−0.10 0 -

Study type - - - - 0.32

PSM 6 −1.67 −2.90,−0.43 65 -

RCT 3 −0.61 −2.28, 1.05 87 -

AL, anastomotic leakage; LAR, low anterior resection; PSM, propensity-score matched study; RCT, randomized controlled trial; SAL, Symptomatic anastomotic leakage.

FIGURE 4 | Effect of indocyanine green on symptomatic anastomotic leakage rate.

Mortality
Postoperative mortality was reported in 11 studies (20, 21, 31–
34, 36, 38, 42, 43, 45). There was no significant difference in
perioperative mortality (OR, 0.50; 95% CI, 0.13, 1.85; P = 0.30)
(Figure 8C) between the ICG group and the control group, and
no significant heterogeneity (P = 0.91; I2 = 0%) (Figure 8C) was
observed between studies.

Operative Time
Twelve studies (20, 26, 31, 32, 37–43, 45) compared the operative
time between the ICG group and the control group. The
total effect size showed that intraoperative ICG fluorescein

angiography did not increase the operative time (MD,−9.64;
95% CI,−20.28, 1.01; P = 0.08) (Figure 9A), and significant
heterogeneity was observed between studies (P < 0.00001; I2

= 90%) (Figure 9A). Subgroup analysis based on study type
found that heterogeneity significantly decreased between RCTs
(20, 40, 43) (P= 0.27; I2 = 23%) (Table 3), and heterogeneity was
significant (P = 0.09; I2 = 65.2%) (Table 3) between subgroups.

Blood Loss
Six studies (26, 38, 40, 42, 43, 45) reported the blood loss
during surgery. ICG can effectively reduce the blood loss
during surgery (MD,−9.13; 95% CI,−17.52,−0.74; P = 0.03)
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FIGURE 5 | Effect of indocyanine green on total postoperative complications rate.

(Figure 9B). Significant heterogeneity (P < 0.00001; I2 = 81%)
(Figure 9B) was observed between these studies. When subgroup
analysis was performed by type of surgery, intraoperative ICG
fluorescein angiography did not reduce the amount of blood
loss during low anterior resection (38, 45) (MD,−18.60; 95%
CI,−89.49, 52.29; P = 0.61; I2 = 86%) (Table 3), but it did
reduce the blood loss during colorectal surgery (26, 40, 42,
43) (MD,−3.87; 95% CI,−7.54,−0.21; P = 0.04; I2 = 54%)
(Table 3).

Length of Postoperative Hospital Stay
Nine studies (20, 31, 36, 37, 40–43, 45) reported length
of postoperative hospital stay. Meta-analysis showed
that intraoperative ICG fluorescence angiography could
effectively shorten postoperative hospital stay (MD,−1.21;
95% CI,−2.06,−0.35; P = 0.06) (Figure 9C), with significant
heterogeneity among 9 studies (P < 0.00001; I2 = 82%)
(Figure 9C). When subgroup analysis was performed based on
study type, benefits of ICG for shorter length of hospital stay
were observed only in the PSM studies (31, 36, 37, 41, 42, 45)
(MD,−1.67; 95% CI,−2.90,−0.43; P = 0.008; I2 = 65%)
(Table 3).

Sensitivity Analysis
The results of the sensitivity analysis showed that no single trial
could affect the total effect size of AL rate, SAL rate, postoperative
complications, postoperative ileus, wound infection, urinary tract
infection, pulmonary infection, urinary retention, anastomotic
bleeding, anastomotic stricture, conversion rates, reoperation
rate, length of postoperative hospital stay, mortality and operative
time. The study of Watanabe et al. (42) (MD,−4.90; 95%
CI,−33.76, 23.97; P = 0.74; I2 = 88%) and the study of Zhang
et al. (8) (MD,−6.55; 95% CI,−33.83, 20.72; P = 0.64; I2 = 87%)
significantly affected the effect size of blood loss during surgery.

Publication Bias
The funnel plot of AL rate, SAL rate, postoperative complications
and blood loss during surgery reveals a roughly symmetrical
distribution of studies (Figure 10).

DISCUSSION

AL has increased the medical burden of patients and caused
destructive results (4), so it is necessary to find effective strategies
to reduce the risk of AL after colorectal surgery. In 2010, Kudszus
et al. (29) first reported that ICG reduced the occurrence of AL
after colorectal surgery by 4%. Skrovina et al. (18) also confirmed
that ICG fluorescence angiographymay be a potential strategy for
preventing AL. Impellizzeri et al. (16) found that ICG fuorescence
angiography is associated with a lower risk of AL after colorectal
cancer surgery. The evidence from the above clinical studies well
supports our conclusions. However, in Dinallo et al. study (46),
the incidence of AL after colorectal surgery was 1.3% in both the
ICG group and the non-ICG group. The low incidence of AL in
the study may mask the true effect of ICG. In addition, almost
all recent meta-analyses (4, 8, 22, 23) on this topic showed that
intraoperative ICG fluorescence angiography could reduce the
incidence of postoperative AL.

Our meta-analysis showed that ICG can effectively reduce
the AL rate, SAL rate, blood loss, and hospital stays, without
prolonging the operation time or increasing postoperative
complications in colorectal surgery. The results of subgroup
analysis indicated that both evidence from RCTs and PSM studies
evidence indicated that ICG fluorescence angiography was an
effective strategy for reducing postoperative AL. Although the
incidence of asymptomatic AL is as high as 14%, the use of
contrast agents to detect asymptomatic AL in post-colorectal
surgery patients is not a routine strategy in clinical practice (4).
Asymptomatic AL has little damage to the prognosis of patients,
and almost all asymptomatic AL do not need intervention. In

Frontiers in Surgery | www.frontiersin.org 12 March 2022 | Volume 9 | Article 81575319

https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles


Tang et al. Indocyanine Green and Colorectal Surgery

FIGURE 6 | Effect of indocyanine green on (A) Postoperative ileus rate. (B) Wound infection rate (C) Anastomotic stricture rate. (D) Pulmonary infection rate.

contrast, SAL was associated with poor short-and long-term
outcomes of colorectal surgery (4). Therefore, we evaluated the
preventive effect of ICG on SAL separately. We found that ICG
use was associated with a reduced incidence of SAL. Previous
studies have shown that the incidence of AL is related to the
position of the anastomotic, and the lower the position, the
higher the risk of AL (23, 47). Therefore, the trial of low anterior
resection was used as a subgroup in this study, and the results
of subgroup analysis showed that ICG could effectively reduce

the incidence of AL in this high-risk population. Similarly, a
retrospective study by Jafari et al. (15) found that the risk of
AL in robot-assisted rectal surgery was reduced to 6% in the
ICG group, compared with 18% in the control group. In a meta-
analysis that included 27 studies, Emile et al. (48) found that ICG
was associated with a significant reduction in the incidence of AL,
whether in a subgroup analysis based on RCTs or in a subgroup
analysis based on studies that included rectal cancer only. AL
could lead to prolonged hospital stay (49). The results of this
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FIGURE 7 | Effect of indocyanine green on (A) Urinary retention rate. (B) Anastomotic bleeding rate (C) Urinary tract infection rate.

study showed that ICG could shorten the hospital stay of patients,
which may be related to the reduction of the occurrence of AL.
Grade C AL often requires surgical intervention, and the study of
Liu et al. (22) showed that ICG could reduce the reoperation rate.
However, no benefit of ICG in reducing reoperation rates was
observed in this study. This may be related to the fact that few
studies reported relevant outcome measures, with only eight of
the included studies describing reoperation rates. In addition, our
results suggest that ICG does not reduce postoperative mortality,
which may be related to the low incidence of perioperative
mortality and the small sample size of some of the included
studies. Future prospective studies with a larger sample size
should be conducted to investigate whether ICG fluorescein
reduces the risk of perioperative mortality in colorectal surgery.

ICG is a safe dye, and its adverse reactions are rarely
reported (50, 51). In a study of 1,226 participants, adverse events
were observed in only eight subjects after intravenous ICG
administration of 1 to 5 mg/kg, with only one severe adverse
event and no deaths reported (52). Su et al. (50) found that no
adverse reactions or allergic reactions associated with ICG were
observed in colon cancer patients injected with 15mg ICG. The
doses used in the trials included in this study ranged from 0.1 to
0.5 mg/kg, and no adverse reactions were reported. In colorectal
cancer surgery, Manen et al. (53) recommended intravenous

injection of low-dose (2.5mg) ICG to prevent AL, because 2.5mg
ICG can clearly observe the situation of colorectal anastomosis.
Three studies (30, 34, 37) included in this study using 5mg of ICG
showed that 5mg of ICG was effective in reducing the incidence
of AL associated with perfusion. Although low-dose ICG may be
an effective strategy to reduce AL, it is not clear whether low-
dose ICG and high-dose ICG are equally effective in preventing
AL. Our study showed that intraoperative ICG fluorescence
angiography did not increase the incidence of total postoperative
complications. Compared with the control group, ICG did not
increase the risk of postoperative intestinal obstruction, wound
infection, pulmonary infection, urinary retention, anastomotic
bleeding, and anastomotic stenosis. A recent meta-analysis by
Zhang et al. (8) showed that ICG fluorography did not increase
wound infection, pneumonia, urinary retention, mortality, or
postoperative bleeding. In addition, the results of this study
showed that intraoperative ICG angiography did not prolong
the operative time, but rather reduced intraoperative blood loss
compared with the control group. This may be due to the
increased frequency with which ICG fluorescein angiography
was used, resulting in surgeons becoming more proficient with
the system (23). A meta-analysis of 23 studies also showed
that ICG did not increase intraoperative blood loss or operative
time (9).
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FIGURE 8 | Effect of indocyanine green on (A) Reoperation rate rate. (B) Conversion rate (C) Mortality.

This study has several strengths. First, in order to reduce
potential bias, this study conducted a comprehensive literature
search of several electronic databases (Embase, China National
Knowledge Infrastructure, Web of Science, Scopus, PubMed,
Cochrane Library, and VIP databases) without any language
or time restrictions. Second, several recent important studies
were included, which made our evidence more convincing.
Third, different from previous meta-analyses, we only included
PSM studies and RCTs, which made the experimental group
and the control group more comparable and strengthened
the reliability of our conclusions. Finally, advanced statistical

methods (sensitivity analysis and subgroup analysis) were used
to further confirm the robustness of our results.

There are several limitations in our meta-analysis. First, there
was significant heterogeneity in some outcome measures of
this study. This may be related to inconsistent follow-up times
(from 30 to 90 days) and inconsistent definitions of AL used
in the included studies. Moreover, five studies included patients
with both malignant and benign colorectal disease. Inconsistent
disease types may be one of the sources of heterogeneity. Second,
a total of nine fluorescence imaging systems were used. It is
not clear whether the effects of different fluorescence imaging
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FIGURE 9 | Effect of indocyanine green on (A) Operative time. (B) Blood loss during surgery. (C) Length of postoperative hospital stay.

systems are consistent, which may need to be clarified in future
studies. In the included studies, there were also differences
in the dose of ICG injected intravenously. The influence of
different doses on the study needs to be further explored, and
finding the optimal dose may be the focus of future studies.
These may also be sources of heterogeneity. Third, although this
study showed that ICG may have potential benefits in reducing
the incidence of AL after colorectal surgery, the fluorescence
intensity in all the studies included in this meta-analysis was
based on the subjective judgment of surgeons, lacking objective
evaluation indicators (54). In addition, even if ICG fluorescence
is displayed in the colorectal, intestinal ischemia may occur
if blood flow is not meeting physiological demands (55).
Therefore, the use of software to quantify the fluorescence
parameters and find reliable parameters for predicting AL

(54) may further confirm the benefits of ICG on AL in
colorectal surgery. Cahill et al. (56) combined ICG fluorescence
angiography and artificial intelligence to identify tumors by
recognizing different perfusion modes. This technology can
also be developed into real-time monitoring of anastomotic
blood perfusion (57), so as to identify ischemic anastomotic
sites. Finally, some of the outcome indicators (reoperation rate,
conversion rate, postoperative ileus rate, wound infection rate,
urinary tract infection rate, pulmonary infection rate, urinary
retention rate, anastomotic bleeding rate and anastomotic
stricture rate) in the included studies were based on evidence
from a small number of studies, so it is not possible to
determine whether ICG will bring more benefits, and more high-
quality studies are needed to explore the impact of ICG on
these outcomes.
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FIGURE 10 | The funnel plot of (A) AL rate. (B) SAL rate. (C) Postoperative complications. (D) Blood loss during surgery.

CONCLUSION

In conclusion, this meta-analysis demonstrated the value of ICG
in patients undergoing colorectal surgery, as evidenced by the
reduced AL rate, SAL rate, and blood loss. Further, hospital stays
were shorter. ICG may be a potential strategy to prevent AL in
colorectal surgery, and more high-quality large sample size RCTs
are necessary to confirm the benefits of ICG in colorectal surgery.
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Introduction: Protective loop-ileostomy is one of the most common interventions in

abdominal surgery to provide an alternative intestinal outlet until sufficient healing of a

distal anastomosis has occurred. However, closure of a loop-ileostomy is also associated

with complications. Thus, knowledge of the optimal time interval between primary and

secondary surgery is crucial.

Methods: Data from 409 patients were retrospectively analyzed regarding

complications and risk factors in closure-associated morbidity and mortality. A modified

Clavien-Dindo classification of surgical complications was used to evaluate the severity

of complications.

Results: A total of 96 (23.5%) patients suffered from postoperative complications

after the closure of the loop-ileostomy. Early closure within 150 days from enterostomy

(n = 229) was associated with less complications (p < 0.001∗∗). Looking at

the severity of complications, there were significantly more (p = 0.014∗) mild

postoperative complications in the late closure group (>150 days). Dysfunctional

digestive problems—either (sub-) ileus (p = 0.004∗), diarrhea or stool incontinence

(p = 0.003∗)—were the most frequent complications associated with late closure.

Finally, we could validate in a multivariate analysis that “time to closure” (p = 0.002∗)

is independently associated with the development of complications after closure of a

protective loop-ileostomy.

Conclusion: Late closure (>150 days) of a loop-ileostomy is an independent risk factor

in post-closure complications in a multivariate analysis. Nevertheless, circumstances of

disease and therapy need to be considered when scheduling the closure procedure.

Keywords: protective loop-ileostomy, enterostomy, closure surgery, surgical complications, dysfunctional

digestion

INTRODUCTION

Installation of an artificial bowel output (enterostomy) to circumvent an intestinal obstruction can
be traced back to ancient times with first records of a surgical ileostomy, ranging back to 1879
(1). Today, many oncologic and non-oncologic diseases involving intra-abdominal organs demand
the installation of an enterostomy during disease owed to complications, such as perforation,
obstruction, compression, or infection of the intestine (1–3). Protective (loop-) ileostomy is one
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of the most common interventions in abdominal surgery to
provide—in conjunction with the attached stoma appliance—an
alternative intestinal outlet (2).

Procedures of surgical enterostomy are principally reversible,
and, especially, a protective loop-ileostomy is generally intended
to be only temporary until sufficient healing of a distal
anastomosis has occurred (2). However, not only the feasibility
of stoma closure but also the timing is a relevant question
that is a decisive factor influencing patient-related physical
and psychological outcomes (4, 5). Until recently, abdominal
surgeons have widely agreed upon a temporizing strategy when
confronted with a decision toward or against early closure of
a protective loop-ileostomy (6–8). However, current literature
suggests that a belated closure of a protective loop-ileostomy—
even though lacking a consistent and consensual critical cut-
off—might be associated with higher morbidity and mortality,
thus, suggesting some prognostic risk factors in post-closure
complications (2–5, 9–12). In our hospital, we aim to perform
the stoma reversal procedure within 3–6 months.

Because of the inconsistent and yet sparsely conducted
research, this study wants to validate those recent observations
and aims at confining the optimal time interval to ameliorate
adverse outcomes after the closure of protective loop-ileostomy.

METHODS

In a retrospective analysis, 409 patients with the closure of a
protective loop-ileostomy—as the only inclusion criterion—at
the University of Regensburg medical center were included. The
time of primary surgery covered a period from January 2000
to August 2012. Patient demographics, primary diagnosis, and
indication for enterostomy as well as details of the circumstances
of enterostomy creation and the primary surgery, and stoma-
related complications during and after a hospital stay, as well
as information about ileostomy closure and follow-up care, were
recorded by means of a hospital-internal questionnaire.

The widely approved Clavien-Dindo classification of
surgical complications was applied for the ranking of adverse
perioperative outcomes (13, 14). Grade I represents mild
complications and comprises any deviation from the normal
postoperative course without the need for pharmacological
treatment or surgical, endoscopic, or radiological interventions.
The present modification condensed Clavien-Dindo Grades
II and III to the new category moderate complications that
summarize those unwanted events that indicate any further
intervention. Severe complications (Clavien-Dindo Grade IV)
contain life-threatening conditions requiring ICU management
and/or re-operation. Lethal outcomes correspond to Clavien-
Dindo Grade V. Complication rates were operationalized as a
proportion of patients with at least one adverse sequelae of the
respective population.

Statistical analysis was conducted with IBM SPSS Statistics 20.
Data were checked for normal distribution with the Kolmogorov-
Smirnov-Test. Fisher’s Exact test or Chi-Square test served for
comparison of nominal values; risk factors were analyzed with

univariate and multivariate logistic regression. When reaching
a two-sided α-error level of p < 0.05, statistical significance
was assumed.

This clinical research project was assessed and approved by the
local Ethical Committee of the University of Regensburg medical
center under reference No. 18-104-899.

RESULTS

Late Closure of a Protective
Loop-Ileostomy Has a Higher Risk of
Complications
In our study population, closure of a protective loop-ileostomy
was feasible in 86.8% (data not shown). That means, at the same
time, 13.2% of all cases failed to be reversed, and a temporarily
intended enterostomy might have become a permanent one
(death, n = 39; lost to follow-up, n=16; refused any further
surgical intervention, n= 4). For the 409 patients included in our
further analyses, the average time from the primary procedure
to the closure of the protective loop ileostomy was 1,674 days
(median = 136 days). A negative and unwanted post-closure
outcome with postoperative complications affected nearly every
fourth closure procedure (23.5%). We found that waiting more
than 90 days (p = 0.032∗) or 120 days (p = 0.012∗) was
already associated with a significantly higher rate of postoperative
complications (data not shown). However, as shown in Figure 1

and Table 1, especially scheduling the closure procedure after
150 days from the initial procedure, made a decisive difference
concerning negative outcomes after loop-ileostomy closure (31.7
vs. 17.%; p = 0.001∗∗) compared to an early closure within 150
days. Furthermore, as shown in Figure 2, patients with a late
closure procedure also had a significantly longer hospital stay
(median, 6 vs. 6.5 days and IQR, 3 vs. 4.75 days; p= 0.0087).

Reasons for Late Closure of a Protective
Loop-Ileostomy
Having established that timing of the closure of a protective loop-
ileostomy had a significant impact on the rate of postoperative
complications, we further analyzed potential reasons for a belated
closure procedure to find any distribution bias between the early
(<150 days) and late (>150 days) closure group. As shown in
Table 2, the patients who received an early closure (mean = 57.5
years, SD= 14.6 years) were—on average—significantly younger
than the patients whose enterostomy was closed after 150 days
(mean = 60.3 years, SD = 11. years; p = 0.028∗). However,
the ratio between young and old patients with enterostomy
below or above 60 years of age was equally distributed between
both groups (p = 0.122). Furthermore, there was no significant
difference in the gender distribution between the early (men:
71.2%; women: 28.8%) and late (men: 73.3%; women: 26.7%)
closure groups (p= 0.630).

Regarding the primary diagnosis, the patients with rectal
cancer significantly more often (83.3%) underwent a late closure
after 150 days from primary surgery compared to the patients
with other diagnoses (p< 0.001∗∗), while the closure of protective
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FIGURE 1 | Complications depending on the time to closure of the protective loop-ileostomy.

TABLE 1 | Complications after protective loop-ileostomy closure.

Total

[n = 409]

Closure

< 150 days

[n = 229]

Closure

> 150 days

[n = 180]

p-value

Complications [% (n)] 23.5 (96) 17.0 (39) 31.7 (57) <0.001**

Quality of complications [% (n)]

Anastomosis insufficiency 3.7 (15) 2.2 (5) 5.6 (10) 0.072 (ns)

(Sub-) Ileus 8.3 (34) 4.8 (11) 12.8 (23) 0.004*

Diarrheaorstoolincontinence 9.5 (39) 5.7 (13) 14.4 (26) 0.003*

Fistula orabscess 2.9 (12) 1.7 (4) 4.4 (8) 0.109 (ns)

Injury of other

intraabdominal organs

0.7 (3) 1.3 (3) – 0.123 (ns)

Impaired wound healing 4.2 (17) 3.9 (9) 4.4 (8) 0.796 (ns)

Hernia 0.7 (3) 0.9 (2) 0.6 (1) 0.708 (ns)

The severity of complications [% (n)]

I◦ (mild) 11.2 (46) 7.9 (18) 15.6 (28) 0.014*

II◦ (moderate) 6.6 (27) 4.8 (11) 8.9 (16) 0.099 (ns)

III◦ (severe) 5.6 (23) 4.4 (10) 7.2 (13) 0.213 (ns)

*p < 0.05, **p < 0.001.

loop-ileostomy in the patients with ulcerative colitis (17.9%; p
= 0.002∗) or peritoneal carcinomatosis (10%; p = 0.034∗) was
significantly more frequently conducted early within 150 days
after enterostomy. Only the patients with (sigmoid) colon cancer
were equally distributed between the groups of early and late
closure (p= 0.508).

The corresponding primary surgical interventions, however,
did not significantly differ in the distribution between early

or late closure (p = 0.491)—neither for (hemi-) colectomy
and sigma resection (p = 0.938), nor for extraperitoneal
rectum resection (p = 0.236) or low anterior rectum resection
and proctocolectomy (p = 0.447). Furthermore, neither the
reconstruction technique (end to end or side to side), nor the
suture technique was significantly different between the two
groups. However, the patients in the late closure group frequently
received significantly adjuvant chemotherapy before the closure
procedure was performed (p= 0.0141).

Late Closure of a Loop-Ileostomy Is
Associated With Digestive Dysfunction
Next, we analyzed the severity of post-closure complications
based on a slightly modified Clavien-Dindo classification. As
shown in Table 1, digestive dysfunctions occurred significantly
more often in the patients with a late closure (>150 days):
(sub-) ileus (4.8 vs. 12.8%; p = 0.004∗) or diarrhea and
stool incontinence (5.7 vs. 14.4%; p = 0.003∗) affected the
patients with a belated closure more often. Other unwanted
outcomes, such as formation of fistulas or abscesses (1.7 vs.
4.4%; p = 0.109), injury of other intra-abdominal organs (1.3
vs.0.0%; p = 0.123), insufficient wound healing (3.9 vs. 4.4%;
p = 0.796) or development of an abdominal wall hernia (0.9
vs.0.6%; p = 0.708), were found with a similar contribution
between both groups. Moreover, the severity of the post-closure
complications was associated with the timing of the closure
procedure. Early stoma closure within 150 days from primary
surgery was associated with significantly less mild (7.9 vs. 15.6%;
p = 0.014∗) complications. The categories of moderate (4.8 vs.
8.9%; p= 0.099) or severe complications (4.4 vs. 7.2%; p= 0.213),
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FIGURE 2 | Hospital stay depending on the time of closure of the protective

loop-ileostomy. Statistic: non-parametric Mann–Whitney test.

however, resembled similar distribution between both groups
without lethal complications.

Risk Factors in Post-closure
Complications
In a final step, we wanted to link certain associated factors
with post-closure complications. We found “time to clo” (p <

0.001∗∗) and “sex” (p = 0.045∗) as significant risk factors in
the development of post-closure complications in a univariate
logistic regression analysis as demonstrated in Table 3. Late
closure of the protective loop-ileostomy after 150 days was
associated with up to 12 times elevated risk for complications
compared to early closure within 150 days from primary surgery
(OR: 0.443; CI, 95%: 0.078–0.706) and the risk for men tripled
that of women (OR: 0.566; CI, 95%: 0.324–0.988). Finally,
we could substantiate that the timing of the closure is still
a significant risk factor (p = 0.002∗), even when controlled

TABLE 2 | Distribution of risk factors in the overall population and within the

subgroups of early and late closure.

Total

[n = 409]

Closure

< 150 days

[n = 229]

Closure

> 150 days

[n = 180]

p-value

Age [M (SD)] 59.5 years

(13.1 years)

57.5 years

(14.6 years)

60.3 years

(11.0 years)

0.028*

Age groups [% (n)] 0.122 (ns)

<60 years 45.97 (188) 49.34 (113) 41.67 (75)

>60 years 54.03 (221) 50.66 (116) 58.33 (105)

Sex [% (n)] 0.630 (ns)

Men 72.13 (295) 71.18 (163) 73.33 (132)

Women 27.87 (114) 28.82 (66) 26.67 (48)

Primary diagnosis[% (n)] 0.001**

Rectal cancer 73.35 (300) 65.50 (150) 83.33 (150) <0.001**

Ulcerative colitis 13.20 (54) 17.90 (41) 7.22 (13) 0.002*

Peritoneal

carcinomatosis

7.58 (31) 10.04 (23) 4.44 (8) 0.034*

Sigmoid (colon) cancer 5.87 (24) 6.55 (15) 5.00 (9) 0.508 (ns)

Primary surgery[% (n)] 0.491 (ns)

Colectomy,

hemicolectomy, sigma

resection

7.34 (30) 7.42 (17) 7.22 (13) 0.938 (ns)

Extraperitoneal rectum

resection (cytoreductive

surgery)

3.42 (14) 4.37 (10) 2.22 (4) 0.236 (ns)

Low anterior rectum

resection,

proctocolectomy

89.24 (365) 88.21 (202) 90.56 (163) 0.447 (ns)

Reconstruction[% (n)]
†

0.277 (ns)

End to end 84.60 (346) 88.65 (203) 79.44 (143)

Side to side 11.25 (48) 10.04 (24) 12.78 (24)

Suture technique[% (n)]
†

0.359 (ns)

Running suture 91.93 (376) 94.76 (217) 88.33 (159)

Single stitches 2.44 (10) 3.06 (7) 1.67 (3)

Stapler 0.49 (2) 0.87 (2) 0 (0)

Adjuvant

chemotherapy [% (n)]

49.88 (204) 28.33 (97) 59.44 (107) 0.014*

†
Missing documentation about surgical reconstruction; *p < 0.05, **p < 0.001.

for gender, in a multivariate logistic regression analysis as
shown in Table 4.

DISCUSSION

The best timing of the closure of a protective loop-ileostomy
is yet a quite inconclusive issue with many considerations
being insufficiently addressed. Finding the “sweet spot” is
further aggravated, because either a hasty or a delayed
closure is accompanied by a tremendous risk of post-
closure complications (5, 6, 15), amounting to 23.5% in
total in the present study. Here, the number of adverse
outcomes after protective loop-ileostomy closure was strongly
associated with the time interval between primary surgery
and closure of the enterostomy. When bowel continuity was
restored within 150 days, complications occurred in 17%.
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TABLE 3 | Univariate analysis of risk factors in complications after closure of the

protective loop-ileostomy.

OR CI 95% p-value

Time to closure 0.001**

<150 days 0.443 0.078-0.706

>150 days 1

Age groups 0.231 (ns)

<60 years 0.753 0.474–1.197

>60 years 1

Sex 0.045*

Men 1

Women 0.566 0.324–0.988

Primary diagnosis 0.131 (ns)

Rectal cancer 1

Ulcerative colitis 0.636 0.305–1.323 0.226 (ns)

Peritoneal carcinomatosis 0.300 0.089–1.013 0.053 (ns)

Sigmoid (colon) cancer 0.559 0.186–1.687 0.302 (ns)

Primary surgery 0.645 (ns)

Colectomy, hemicolectomy, sigma

resection

0.630 0.234–1.694 0.359 (ns)

Extraperitoneal rectum resection

(cytoreductive surgery)

858 0.234–3.147 0.818 (ns)

Low anterior rectum resection,

proctocolectomy

1

TABLE 4 | Multivariate analysis of risk factors in complications after closure of the

protective loop-ileostomy.

OR CI 95% p-value

Time to closure 0.002*

<150 days 0.468 0.289–0.757

>150 days 1

Age groups 0.562 (ns)

<60 years 0.859 0.514–1.436

>60 years 1

Sex 0.121 (ns)

Men 1

Women 0.632 0.353–1.129

Primary diagnosis 0.981 (ns)

Rectal cancer 1

Ulcerative colitis 0.932 0.397–2.187 0.872 (ns)

Peritoneal carcinomatosis 0.000 0.000 0.998 (ns)

Sigmoid (colon) cancer 0.712 0.146–3.480 0.675 (ns)

Primary surgery 0.962 (ns)

Colectomy, hemicolectomy, sigma

resection

0.814 0.191–3.472 0.780 (ns)

Extraperitoneal rectum resection

(cytoreductive surgery)

0.000 0.000 0.998 (ns)

Low anterior rectum resection,

Proctocolectomy

1

Waiting more than 150 days for the closure procedure
was associated with complications in almost every third
case (31.7%).

The time between installation and closure of a protective
loop-ileostomy is often substantially longer than initially
planned. Completion of adjuvant chemotherapy is usually the
leading argument against the closure of an enterostomy (7, 8).
But waiting too long might result in medical, surgical, and
psychological impairments (2, 3): Electrolyte derangements,
dehydration, and malnutrition such as parastomal skin
irritations can be found frequently in patients with a protective
loop-ileostomy, and problems such as parastomal herniation,
obstruction, or ileus may require surgical intervention (1, 16).
Besides, an artificial bowel output disturbs activities of daily
living, often leading to a diminution of health-related quality of
life, and it changes the self-concept, which, in turn, could lower
the patient’s self-esteem (17, 18).

As we could demonstrate, dysfunctional complications such
as either (sub-) ileus or diarrhea and stool incontinence might
not only occur due to a prolonged loop-ileostomy but also
as a result of a belated closure. Even though the severity of
post-closure complications was relatively low and did not differ
between groups in the categories of moderate and severe negative
outcomes, mild complications were found significantly more
frequent in patients with a late closure of a protective loop-
ileostomy. Our data are in line with reports from Abdalla and
Scarpinata (19) as well as Hughes et al. (20), who accounted for
the negative impact of a delayed closure more than 6 months
after index surgery on the rate of post-closure complications in
a small cohort, whereas Zhen et al. (21) could not substantiate
the inferiority of a late closure operation. The authors observed
a comparable number of adverse outcomes for patients with a
closure beyond 6 months from primary surgery, but this study
group actually received more adjuvant chemotherapy cycles and
might, thus, even have a better prognosis than patients with an
early closure. Li and Ozuner (22) investigated a time interval of
more or <3 months between enterostomy and stoma closure.
Findings revealed no relevant intergroup differences.

Closure of a protective loop-ileostomy has to be acknowledged
as an independent intervention unaffected by primary indication
or surgery and with an often-underestimated risk for post-
closure morbidity and mortality (15, 23–25). Although a vast
spectrum of gastrointestinal diseases demanding an enterostomy
and corresponding diverse enteric resections was included in
the analysis, no negative impact of those substantial factors
could be proved as relevant for the closure operation in our
study. However, rectal cancer and the usual correspondingly
low anterior rectum resection seem to negatively influence
the post-closure outcome when waiting more than 150 days
until the closure of protective loop-ileostomy. Yet, another bias
must be critically considered: The closure of a protective loop-
ileostomy in patients with rectal cancer is significantly more
often postponed and, hence, has proportionately more cases with
closure after 150 days from enterostomy.

So far, it was a silent agreement that a closure procedure
should not be performed 60–90 days after installation of an
enterostomy. This consensus was based on a clinical experience
of patient recovery and owed to the circumstance that intra-
abdominal adhesions are more manageable after about 2 months
from primary surgery, and inflammation, as well as edema of the
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loop-ileostoma, has usually been resolved. (4, 6) Nevertheless,
recent reports have even intended to curtail the time to
enterostomy closure to a minimum of only a few weeks (4, 26–
30). Farang et al. (29) found that early closure of loop-ileostomy
within 2 weeks of index surgery of distal colorectal resection was
feasible with outcomes comparable to delayed closure. Robertson
et al. (30) came to the same conclusion but pointed out that
further investigations are warranted with a special focus on
sensitive selection strategies to identify those patients that might
profit from this non-standard fast-track approach (27).

However, there are also limitations to our study that need
to be considered when interpreting the results. The included
number of patients (n = 409) is relatively small, especially when
calculating the outcomes for subgroups. A retrospective analysis
of clinical data, per se, has some limitations since the assessment
of outcomes relies on others for accurate record-keeping, and
because the retrospective aspect may introduce selection bias.
Furthermore, the data were collected only in a single center and
in a health care systemwith no influence of insufficient resources.
This needs to be considered when our data are compared to other
settings, where the closure of a protective ileostomy might be
delayed due to insufficient health care resources or high costs
for the patients.

In our study population, closure of a protective loop-
ileostomy was feasible in 86.8% (data not shown). That means,
at the same time, 13.2% of all cases failed to be reversed,
and a temporarily intended enterostomy became a permanent
one. Literature designates relevant risk factors that include
advanced age, anastomotic leakage, metastasis, and adjuvant
radiochemotherapy (4, 5, 7, 31–34). Consequently, a circumspect
consideration of those predictors for non-closure, in conjunction
with an overall benefit/risk analysis, is required to achieve the best
outcome for each patient when deciding upon a temporary or a
permanent stoma in advance of enterostomy (35, 36). Predictive
tools like the nomogram, developed by Abe et al. (37), might help
to identify patients with a high risk of stoma non-reversal.

CONCLUSION

Protective loop-ileostomy is one of the most common
interventions in abdominal surgery. Late closure (>150
days) of a protective loop-ileostomy is associated with a
significantly higher rate of postoperative complications.
Dysfunctional digestive problems, such as ileus, diarrhea, or
stool incontinence, were the most frequent complications
associated with late closure. Hence, early restitution of enteric
continuity might be considered under a careful selection
of patients, a thorough pre-operative assessment, and an
evaluation of feasibility.
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Aim: Regardless the technological developments in surgery, the anastomotic leakage

(AL) rate of low rectal anastomosis remains high. Though various perioperative protocols

have been tested to reduce the risk for AL, there is no standard peri-operative

management approach in rectal surgery. We aim to assess the short-term outcome

of a multidisciplinary approach to reduce the rates of ALs using a fail-safe-model

using preoperative and intraoperative colonic irrigation in low rectal resections with

primary anastomosis.

Methods: Between January 2015 and December 2020, 92 patients received low

rectal resections for rectal cancer with primary anastomosis and diverting ileostomy.

All these patients received pre-operative mechanical bowel preparation (MBP) without

antibiotics as well as intraoperative colonic irrigation. The intraoperative colonic irrigation

was performed via the efferent loop of the ileostomy. All data were analyzed by SPSS for

descriptive and inferential analyses.

Results: In the study period, 1.987 colorectal surgical procedures were performed. This

study reports AL in 3 (3.3%) of 92 recruited patients. Other postoperative complications

(Dindo-Clavien I-IV) were reported in 25 patients (27.2%), which occurred mainly due

to non-surgical reasons such as renal dysfunction and sepsis. According to the fail-safe

model, AL was treated by endoscopic or re-do surgery. The median postoperative length

of hospitalization was 8 days (4–45) days.

Conclusion: This study validates the effectiveness of a multi-disciplinary fail-safe

model with a pre-operative MBP and an intraoperative colonic irrigation in reducing AL

rates. Intraoperative colonic irrigation is a feasible approach that lowers the AL rates

by reducing fecal load and by decontamination of the colon and anastomotic region.

Our study does not recommend a pre-operative administration of oral antibiotics for

colorectal decontamination.
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INTRODUCTION

Anastomotic leakage (AL) after colorectal surgery is a feared
complication due to its high morbidity and mortality rates (1, 2).
Though there is no consensus about a standard definition of
AL, the “International Multispecialty Anastomotic Leak Global
Improvement Exchange” has elaborated AL as “a defect of
the integrity in a surgical join between two hollow viscera
with communication between the intraluminal and extraluminal
compartments” (3). In colorectal surgery, the reported incidence

of ALs significantly varies according to the location of the
anastomosis (4). Literature has reported a wide range of AL

rates of 1 to 20% for all colonic locations; from 0 to 2% after
colocolonic and 0.02 to 4% after enteroenteric and ileocolonic
anastomoses (5). In the low rectal anastomoses, much higher ALs

rates of up to 28% have been reported (6).
Besides the surgical volumes and surgeon’s experience, which

are decisive for surgical outcomes (7), additional factors such as
mechanical bowel preparation (MBP) potentially influence short-
term surgical outcomes and AL rates (8). Significant colonization
of lower GI tract with aerobic and anaerobic microbes leads to
infectious complications with resultant increased concentrations
of collagenases and matrix metalloproteinases (9). This adversely
affects stromal regeneration and leads to an early degradation
of collagen at the anastomotic sites (10, 11). The purpose of
MBP is to reduce the rate of surgical side infection (SSI) and
AL by reducing fecal load and bacterial count in the colon
(12). Using pre-operative oral antibiotics and MBP, the National
Surgical Quality Improvement Program by the American College
of Surgeons has shown an approximately 50% reduction of AL
rates and superficial surgical site infections (SSIs) and better
rates of 30-day mortality (13). Several other researchers have also
endorsed the use of non-absorbable oral antibiotics and MBP in
reducing the SSIs and ALs rates in colorectal surgery (14, 15).

Regrettably, controversy prevails about the impact of pre-
operative MBP in colorectal surgery (16–18). In their multi-
center randomized trial, Si-Oen et al. could not find significant
difference in the outcome variables between patients with and
without MBP in elective open colonic surgery (19). The authors
argued that MPB may be discontinued in open colon surgery.
Similarly, other researchers have discouraged the routine pre-
operative use of MBP in colonic surgery (20, 21). In addition
to the controversial role of MBP, some investigators have coined
the possibility of intra-operative colonic irrigation for reducing
AL rates in planned colorectal surgery (22, 23). The combination
of pre-operative MBP and intra-operative colonic irrigation
following a multidisciplinary approach may be an alternative that
has not been rigorously investigated in the literature so far.

In our study, we aimed to evaluate the short-term outcomes
after open and laparoscopic low rectal resections and primary
anastomosis for rectal cancers using a multidisciplinary
standardized fail-safe approach in colorectal surgery. This
fail-safe approach, was first used in the engineering discipline
and has now been widely adopted in the bioengineering field
(24). According to this model, every potential error is secured by
an additional safety net, so the magnitude of possible hazards is
minimized. We adopted these safety nets for colorectal surgery

including a wide range of pre-, peri- and postoperative steps.
We measured surgical outcomes in terms of post-operative
complications, particularly ALs, and report the effectiveness of
the fail-safe model using pre-operative MBP and intraoperative
colonic irrigation in rectal surgery.

METHODS AND MATERIAL

Patients’ Cohort and Study Design
We recruited all consecutive patients with resectable rectal cancer
undergoing elective surgical resections with primary anastomosis
and protective ileostomy from January 2015 till December 2020 at
Reinbek Hospital St. Adolf-Stift Germany (Figure 1). All patients
were managed by a standard multidisciplinary approach of a
fail-safe-mode as outlined in Table 1. We excluded all patients
with benign rectal lesions, emergency rectal surgeries, patients
with terminal stoma without anastomosis and patients without
perioperative colonic irrigation or ileostomy. The patients with
cancer of the middle (>6–12 cm from the anal verge) or lower
third of the rectum (<6 cm from the anal verge) received a
neo-adjuvant therapy if staged IIA (according to AJCC/UICC-
classification) or higher (25) using a neoadjuvant chemoradiation
following the multidisciplinary tumor board decision. Patients
with lesions in the upper rectum (>12 cm from the anal verge)
were included, if they were treated with low anterior resection
due to tumor extension or if localized in the middle rectum
preoperatively. We recorded the patients’ demographics, body
mass index (BMI), the American Society of Anesthesiologists
(ASA) classification of physical health, tumor localization, open
or laparoscopic surgical procedure, laparoscopic conversion to
open surgery, length of hospital stay, complications according to
Dindo-Clavien’s classification (26) and 30-days-mortality.

MBP was performed one day before surgery using 2l of
Endofalk R© (Dr. Falk Pharma GmbH R©, Freiburg, Germany). No
oral antibiotic was applied to the patients’ cohort in our study. A
peri-operative single shot antibiotic using 500mg metronidazole
and 1,500mg cefuroxime was given to all patients, half an hour
before the incision, and was repeated at 4 h during surgery.
The primary endpoint of the surgical therapy using the fail-safe
model was the estimation of the rate of AL. We used endoscopy
for the diagnosis of AL followed by a CT scan instead of a
primary CT scan. The characteristics for AL were defined by
the grading system proposed by Rahbari et al. (2). Postoperative
morbidity was defined as complication occurring within 30 days
after surgery, or during the same hospital stay.

Surgical Procedure
For rectal cancer resections with low rectal anastomosis, a full
mobilization of the left hemicolon was routinely performed.
During the laparoscopic rectal resection, first a nerve preserving
total mesorectal excision (TME) was done. Then the dissection
and resection of the rectum below the tumor about 1–
3 cm from the anal verge with a linear stapler (45mm
EndoGIATM, Medtronic, Dublin, Ireland) was performed. In
case of large specimen, additional stapling catridges were
used. In case of an open procedure, the transection of the
rectal specimen was done using an Echelon CONTOURTM
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FIGURE 1 | Flowchart for the selection of patients with rectal resections in this

study. Patients with rectal resections for benign lesions, abdominoperineal

extirpation, or no stoma formation (due to preoperative stoma or upper rectal

resection) were excluded.

device (Ethicon, Raritan USA). The proximal division was
performed extracorporially through a Pfannenstiel incision.
Before performing the anastomosis, the sphincter muscle
was manually stretched. The anastomosis was performed
intracorporially using a transanally introduced circular stapling
device (28mm circular stapling device,Metronic, Dubin, Ireland)
with the spine in contact to the linear stapling line (27). Before
performing the anastomosis, a compression for at least 60 s was
done to reduce the tissue edema. An air-leakage test was routinely
performed afterwards. A protective ileostomy was conducted
for all low rectal anastomosis at the terminal ileum loop. An
additional intraoperative colonic irrigation was installed with 5
liters of warm saline via efferent loop of the ileostomy. For this
procedure, a urinary catheter was inserted into the efferent loop
that was blocked by manual control with 5ml of sterile water to
prevent a massive retrograde discharge (Figure 2). To secure the
anastomosis, a second surgeon would manually stretch the anal
orifice to ensure a seamless outflow. The outflow was visually
examined for persisting fecal load by the second surgeon and the
procedure was continued until the outflow was clear and without

TABLE 1 | Fail-safe protocol for laparoscopic elective rectal resections in this

study.

Preoperative settings

Mechanical bowel preparation with 2l Endofalk® O

Preoperative intravenous single-shot antibiotics O

Operative approach/technical aspects

Multidisciplinary team lead by an experienced colorectal

surgeon

O

Complete mobilization of the hemicolon for tensions free

anastomosis

O

Bleeding / perfusion test at the edge of resection margin O

End-to-end anastomosis O

– Mesentery is in one line with resection margin O

– Do not free endings from fatty tissue O

– Avoid sharp-angled edges O

– Stretching of anal sphincter muscle for 3 minutes O

– Spine of the stapling-device in direct contact with

stapled line

O

– After joining ends, compression for at least 1 minute

before release

O

– Anastomotic assessment using sigmoidoscope (air test

+ intraluminal inspection)

O

– Diverting stoma for low rectal anastomosis O

– On-table-lavage over efferent loop of ileostomy with 5l of

NaCl

O

– Place a drainage tube near the anastomosis O

Postoperative protocol

3 days liquid low-volume high-calorie nutrition (except

patients with diverting stoma)

O

Full meals from 4th POD onwards O

Endoscopic control of colorectal-/coloanal anastomosis on

4th POD

O

In case of insufficiency consideration of OTSC ® application O

any visible fecal load. Afterwards, a soft drainage tube was
placed intracorporeally near the site of anastomosis (Table 1).
On the 4th postoperative day, an endoscopy was performed to
confirm the anastomotic integrity and then the soft drainage tube
was removed.

AL was defined as “a defect of the intestinal wall integrity
at the ileocolic, colorectal or coloanal anastomotic site
(including suture and staple lines of neorectal reservoirs)
leading to a communication between the intra- and extraluminal
compartments” (2). A pelvic abscess close to the anastomosis
was also considered as anastomotic leakage (2). AL was graded
according to the standard classification into grade A, B or C.

Statistics and Ethics
Statistical analyses were performed using IBM SPSS Statistics
Version 25 (IBM Co., Armonk, NY, USA). All variables were
listed as means with standard deviation. Categorical variables
were arranged as numbers with percentages.

This study was conducted in accordance with the declaration
of Helsinki (28). Ethical approval was waived by the local Ethics
Committee of the Medical Association Schleswig-Holstein as this
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FIGURE 2 | (A) Protective ileostomy after rectal resection. The Pfannenstiel incision is still protected by a wound retractor. A loop (*) is stabilizing the stoma during

manipulation. (B) A urinary catheter (+) is placed in the efferent loop. (C) The catheter (+) is blocked under manual control with 5ml before starting the antegrade

colonic irrigation. The intestine can be checked within the procedure by one surgeon to prevent dislocation of the catheter or accidental perforation.

is a retrospective study and all the procedures being performed
were part of the routine care.

RESULTS

Between January 2015 and December 2020 1,987 colorectal
surgical procedures were performed in the study center. This
included a total of 274 (13.8%) rectal resections including
Hartmann procedures or abdominoperineal extirpations. 92
patients were treated for rectal cancer and underwent therefor
low rectal resections with primary anastomosis and protective
ileostomy using the fail-safe model including an intraoperative
colonic irrigation.

Of the 92 patients, 61 (66.3%) were men and 31 (33.7%) were
women, with a mean overall age of 64.40 years (range 37–86
years). In 88 (95.7%) patients, a laparoscopic approach was used,
while four patients were treated by laparotomies (4.3%). The
patients’ characteristics in this study are listed in Table 2.

An anastomotic leakage occurred in 3 (3.3%) cases. Two case
of type B rectal insufficiency according to the classification by
Rahbari et al. were diagnosed via endoscopic assessment, and
they were treated by endoscopic vacuum therapy. One patient
needed a re-operation due to an extended wall deficit.

Post-operative complications were reported in 25 (27.2%)
patients that were grouped according to the Dindo-Clavien’s
classification; 7 (7.6%) grade I, 6 (6.5%) grade II, 0 (0%) grade
IIIa, 7 (7.6%) grade IIIb and 5 (5.4%) grade IV cases were
reported. There was no mortality during hospital stay and within
first 30 days after surgery. Table 3 provides an overview of the
short-term postoperative outcomes and complications. Of the

cases with grade IIIb complications, one patient had prolonged
paralysis, two cases had postoperative subcutaneous hematoma,
which needed evacuation, two AL treated by endoscopy, one by
re-operation and one perioperative perforation of the ileum. The
median postoperative length of hospitalization was 8 (4–45) days.

DISCUSSION

In our study, using a standardized fail-safe approach including
a pre-operative MBP and peri-operative colonic irrigation, we
report an over-all complication rate of 27.2% with AL rate of
3.3%. The fail-safe approach includes pre- and intra-operative
colonic irrigation as a core component of the multi-step peri-
operative management plan for low rectal resections.

The use of colonic irrigation before and during surgery
provides a foundation for a safe anastomosis by reducing
intracolonic pressure, fecal load, and bacterial count in the
vicinity of anastomosis (29, 30).

Preoperative Mechanical Bowel
Preparation
As first reported by Nichols and Condon in 1971, MBP is
associated with a reduced complication rate following colorectal
surgery (31). In contrast, some large data sets have shown that
pre-operative MBP alone has no influence on post-operative
complications such as SSI or AL (16, 32, 33). However,
the combination of non-absorbable oral antibiotics with pre-
operative MBP was shown to be beneficial in preventing and
reducing SSI and AL (18, 34, 35). Currently, this combination of
pre-operative antibiotics and MBP is frequently used worldwide
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TABLE 2 | Characteristics of the study cohort (n = 92).

Age, years (mean ± SD) 64.4 ± 11.66

Body Mass Index (mean ± SD) 27.15 ± 4.84

Sex (%)

Male 61 (66.3)

Female 31 (33.7)

UICC/AJCC (%)

0 5 (5.4)

I 36 (37.1)

II 17 (18.5)

IIIA 13 (14.4)

IIIB 12 (13.1)

IIIC 4 (4.3)

IV 5 (5.4)

ASA classification (%)

ASA 1 4 (4.3)

ASA 2 69 (75.0)

ASA 3 19 (20.7)

ASA 4 0 (0)

Tumor localization (%)

Lower rectum (<6 cm) 34 (37.0)

Middle rectum (6–12 cm) 47 (51.1)

Upper rectum (12–16 cm) 11 (12.0)

Approach (%)

Open 4 (4.3)

Laparoscopic 88 (95.7)

Number of used stapling devices, mean (Range) 2.3 (1–4)

Neoadjuvant treatment (%) 47 (51.1)

Comorbidity (%)

Arterial Hypertension 43 (46.7)

Smoking 11 (12.0)

Diabetes mellitus 12 (12.0)

TABLE 3 | Outcome after intraoperative colonic irrigation (n = 92).

Outcome n (%)

Anastomotic leakage 3 (3.3)

Prolonged paralysis 5 (7.1)

Kidney failure 4 (5.7)

Pneumonia 2 (2.9)

Surgical side infection 1 (1.4)

Other 8 (11.4)

Postoperative bleeding 2 (2.2)

Length of hospital stay after surgery [days] (mean ± SD) 10 ± 6.55

Some postoperative complications occurs in the same patient.

SD, standard deviation.

with success. A recently published large retrospective registry
study including more than 20,000 patients showed a significantly
lower SSI and AL rates after combinedMPB with oral antibiotics,
whereas the research did not report benefit of MBP when
used alone (36).

MBP has not been widely adopted by the European colorectal
surgeons. The reasons for this reluctance are multifactorial,
but the trend toward enhanced recovery after surgery (ERAS)
protocols that excludes routine MBP is probably a significant
contributor (37). According to the fail-safe model used in our
study and, in contrast to some randomized controlled trials, we
used MPB without oral antibiotics but with an intra-operative
colonic irrigation in rectal surgery. This approach resulted in
lower AL rates than those reported by Klinger et al. (36). In
their study on a total of 27,804 patients, 5,471 patients underwent
surgery without pre-operative preparation, 7,617 received MBP
alone, 1,374 were given antibiotic bowel preparation (ABP) alone,
while 8,885 patients received both ABP and MBP. The patients
with dual preparation showed less rates of SSIs and ALs (OR =

0.53, p < 0.001). The study has recommended a routine use of
ABP and MBP in elective colorectal resections. In contrast, we
used MBP and peri-operative colonic irrigation with even better
results. In 2017, Ji et al. have a large single-center data on more
than 1,300 rectal cancer resections. The authors have shown that
AL rate did not significantly differ with or without MPB but
remained substantially high with 7.81% vs. 9.27%, respectively
(38). Nevertheless, until recently, the published data has shown
AL rates of higher than 5% regardless of ABP or MBP alone or
in combination. Of course, our data with a leakage rate of 3.3%
comes from a retrospective single center cohort study and has to
be carefully compared with the results of randomized controlled
trials mentioned earlier. Nevertheless, an AL-rate below 5% in
rectal cancer surgery is promising and needs further evaluation.

Intraoperative Colonic Irrigation
Even after meticulous pre-operative bowel preparation, the colon
is usually not completely mechanically cleaned and fecal particles
and ingested roughage are still left in the colon. In our study,
beside pre-operative bowel preparation, diverting ileostomy and
intra-operative colonic irrigation were performed via efferent
loop of the ileostomy. These two additional measures were taken
in order to decontaminate the colon and thus mitigating the risk
of AL. Intra-operative colonic irrigation was first introduced by
Muir et al. (39), and was modified by Dudley and co-workers
proposing antegrade on-table colonic irrigation with primary
anastomosis (22, 29). Interestingly, various authors have argued
that intraoperative colonic irrigation with primary anastomosis
was feasible for left sided resections (40–42). The intra-operative
colonic preparation would be more valuable in unprepared
or inadequately prepared bowels in emergency situations and
in tumorous stenosis. There is also enthusiasm for the on-
table colonic irrigation with an additional on-table colonoscopy
especially when a pre-operative colonoscopy is not feasible due to
emergency or tumor stenosis (42).

Several studies have shown that performing colonic irrigation
intraoperatively can potentially reduce the rate of Hartman’s
procedures (22, 43). However, there is no reported data that
can establish the effectiveness of routine pre-operative MBP in
combination with on-table colonic irrigation as demonstrated
by the fail-safe model in our study. Such approach offers
another opportunity of cleansing the colon as well as the rectal
anastomosis for better oncological surgical outcomes.
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Fail-Safe-Protocol
The key elements of our fail-safe model for lower rectal resections
include MBP, intraoperative colonic irrigation with drainage
near anastomosis, proximal ileostomy and a routinely performed
endoscopic assessment on the 4th postoperative day. Using
this protocol, our study showed a low rate of AL (3.3%).
Such encouraging results are often attributed to the surgeon’s
experience, which is truly vital. However, over a span of more
than 5 years and in the presence of different operating surgeons
with various levels of experience in a teaching hospital, higher
complication rates could be expected. Following our fail-safe-
protocol, standardized steps are elaborated not only for pre-
and post-operative course but also during surgery. Especially
in the phase of reconstruction the elaborated steps are clearly
defined. This means a routinely perfusion test exactly at the
resection margin and the preservation of fatty tissue from
one or the other end to reduce perfusion deficiency. The
anastomosis in the rectal resections were routinely performed
using a circular stapling devices and end-to-end reconstruction.
Before performing the anastomosis, a routinely stretching of
the sphincter muscle was done. Then, the spine of the device
would pierce in direct contact to the stapling line and a slow
close approximation was followed by a compression for at least
1min. This reduces tissue edema to ensure a safe staple-line. The
functional outcomes after reconstruction in rectal surgery is a
key element and the German Guidelines of Colorectal Cancer
favor a non-straight anastomosis, as this strategy has shown
better functional results, especially in the early postoperative
period (44, 45). A retrospective analysis of the postoperative
functional outcome following the fail-safe-approach showed
a reduced AL rate without adverse functional outcomes or
quality of life (27).

From a different perspective, intraoperative colonic irrigation
might be beneficial if an AL occurs because of the reduced
fecal load. Historically, the treatment of choice for a leaking
colorectal or coloanal anastomosis had been a resection of
the anastomosis followed by a Hartmann’s procedure. Pelvic
abscesses are often drained percutaneously under a CT-
guided approach. Our study demonstrates that the incidence
of pelvic abscess or peritonitis and especially the scale of
complications resulting fromAL can be avoided by intraoperative
colonic irrigation integrated into a multidisciplinary fail-
safe protocol.

Study Limitations
Our study results are drawn from a small sample size in a
single center setting with a heterogenous study cohort. Due to
several reasons, including explicit inclusion criteria for rectal
cancers, not all patients with rectal surgery could be included in

this analysis. In addition, the retrospective design of this study
indicates possible selection bias. Lastly, an absence of a control
group due to its retrospective design did not allow us to report
a case-control study. Though our results are promising, larger
clinical trials in multi-center settings using a randomization are
needed to help establish the effectiveness of our fail-safe model
including the described intraoperative colonic irrigation.

CONCLUSION

This study concludes that a low rate of AL in elective low
rectal resections is feasible. This can be achieved by adopting a
standardized fail-safe model peri-operative protocol. In the study
center, this includes a pre-operative MBP, an intra-operative
colonic irrigation to reduce fecal load at anastomotic site, a
covering protective ileostomy and endoscopic evaluation on the
4th postoperative day. Even not all the peri-operative steps are
evidence based, the presented AL rate is promising. A low rate
of AL potentially reduces the concomitant complications of
pelvic abscess, peritonitis, paralytic ileus and SSIs. As this is a
retrospective cohort study reporting a single-center experience,
further studies are essential, especially including emergency and
training procedures, that can potentially validate our fail-safe-
model using intra-operative colonic irrigation.
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Background: For several decades, scientific efforts have been taken to develop
strategies and medical aids for the reduction of anastomotic complications after
intestinal surgery. Still, anastomotic leakage (AL) represents a frequently occurring
postoperative complication with serious consequences on health, quality of life, and
economic aspects. Approaches using collagen and/or fibrin-based sealants to cover
intestinal anastomoses have shown promising effects toward leak reduction; however,
they have not reached routine use yet. To assess the effects of covering intestinal
anastomoses with collagen and/or fibrin-based sealants on postoperative leakage, a
systematic review and meta-analysis were conducted.
Method: PubMed, Web of Science, Cochrane Library, and Scopus (01/01/1964 to 17/
01/2022) were searched to identify studies investigating the effects of coating any
intestinal anastomoses with collagen and/or fibrin-based sealants on postoperative AL,
reoperation rates, Clavien–Dindo major complication, mortality, and hospitalization
length. Pooled odds ratios (ORs) with 95% confidence intervals (CIs) were calculated.
Results: Overall, 15 studies (five randomized controlled trials, three nonrandomized
intervention studies, six observational cohort studies) examining 1,387 patients in the
intervention group and 2,243 in the control group were included. Using fixed-effects
meta-analysis (I2 < 50%), patients with coated intestinal anastomoses presented
significantly lower AL rates (OR = 0.37; 95% CI 0.27–0.52; p < 0.00001), reoperation
rates (OR, 0.21; 95% CI, 0.10–0.47; p = 0.0001), and Clavien–Dindo major
complication rates (OR, 0.54; 95% CI, 0.35–0.84; p = 0.006) in comparison to
controls, with results remaining stable in sensitivity and subgroup analyses (stratified by
study design, age group, intervention used, location of anastomoses, and indication
for surgery). The length of hospitalization was significantly shorter in the intervention
group (weighted mean difference (WMD), −1.96; 95% CI, −3.21, −0.71; p = 0.002)
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using random-effects meta-analysis (I2≥ 50%), especially for patients with surgery of
upper gastrointestinal malignancy (WMD, −4.94; 95% CI, −7.98, −1.90; p = 0.001).
Conclusion: The application of collagen-based laminar biomaterials or fibrin sealants on
intestinal anastomoses can significantly reduce postoperative rates of AL and its
sequelae. Coating of intestinal anastomoses could be a step toward effective and
sustainable leak prevention. To assess the validity and robustness of these findings,
further clinical studies need to be conducted.

Keywords: intestinal anastomoses, coated collagen patch, fibrin sealant, fibrin glue (FG), anastomotic leakage (AL)
INTRODUCTION

In the field of visceral surgery, both patients and surgeons are still
challenged with a very common and potentially devastating
postoperative complication, namely, anastomotic leakage (AL).
Whether the intestinal anastomoses were performed in the
upper or lower gastrointestinal tract (GIT), postoperative AL
accompanies a significant proportion of intestinal surgical
procedures (1–10). Colorectal procedures, for instance, present
with AL rates of up to 25.6% (4, 8, 9), and esophageal or
esophagogastric procedures present with AL rates as high as
19.5% (6, 7). AL rates among patients with malignancies are
even associated with local (11) and distant (12) tumor
recurrences. Furthermore, AL has been shown to increase the
total clinical and economic burden by 0.6–1.9 times for patients
undergoing intestinal surgery for colorectal cancer (13).

In this context, it is not surprising that substantial scientific
efforts have been invested now for over half a century to develop
strategies and medical aids to reduce or even prevent the
development of postoperative AL. The first approach toward
covering and hereby mechanically strengthening the newly
built intestinal anastomosis was to apply cyanoacrylate
preparations, better known as surgical glues initially tested on
skin wounds in military settings. Their rapid formation of a
stable but flexible connection with intestinal tissue was
considered advantageous (14, 15). Other experimental
approaches utilized sterile polyethylene plastic sheets (16),
fibrin adhesives (17, 18), and collagen fleeces (17) to
additionally support the anastomoses. The most promising
adhesives, however, are fibrin sealants, as these have been
acknowledged across various surgical specialties and were
approved in their liquid form by the FDA in 1998 (19).

Biodegenerable and absorbable fibrin sealants consist of two
components: sealer protein solution (human fibrinogen, factor
XIII, and protease inhibitor aprotinin) and thrombin solution
(human thrombin and calcium chloride). Upon application of the
sealant to the site of anastomosis, thrombin transforms fibrinogen
into insoluble fibrin monomers, which are then polymerized in
the presence of factor XIII to a stable fibrin network within
minutes. Protease inhibitor aprotinin protects this network from
plasmin-mediated proteolysis. Simulating the last step of the
coagulation cascade, fibrin sealants are used to initiate hemostasis,
seal tissue, and promote the healing processes (20).

With the 2010 FDA approval of a fibrin sealant-coated
equine collagen matrix (21) used primarily for hemostatic
243
purposes, experimental approaches studying its potentially
beneficial effect on anastomotic healing were initiated. Within
the last decade, mainly animal studies were conducted,
revealing promising effects on reducing postoperative AL and
mortality rates upon using either fibrin sealants or collagen-
based laminar biomaterials (22–33). For many years, just a
small number of experimental trials have been available,
examining the effect of these sealants on human populations
(34–40). Until now, no meta-analysis has been conducted
examining the effect of externally covering intestinal
anastomoses with collagen-based laminar biomaterials or
fibrin sealants on postoperative AL and its consequences
within a human population.

Therefore, the aim of this study was to systematically evaluate
the efficacy of externally coating intestinal anastomoses of the
upper and lower GIT, regardless of location or underlying
disease, with collagen-based laminar biomaterials and/or fibrin
sealants in reducing postoperative AL rates and its
accompanying complications. A systematic review and meta-
analysis of existing human studies was conducted, comparing
the summary effect size, calculating the pooled odds ratios
(ORs) with 95% confidence intervals (CIs), and performing
subgroup analyses stratified by study design, coating utilized,
age group, indication for surgery, and location of anastomoses.
METHODS

This systematic review and meta-analysis was conducted and
reported according to the recommendations in the Cochrane
Handbook for Reviews of Interventions (41) and the Preferred
Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) Statement 2020 (42).

Eligibility Criteria
For this study, all observational studies (prospective or
retrospective comparative cohort or case–control studies),
nested case–control studies, randomized controlled trials
(RCTs), nonrandomized controlled trials, and cross-sectional
studies were included based on the following criteria:
examined a human population—regardless of age, sex, or
underlying condition; published only in English, German, or
Spanish language; available as either abstract or full-text article
in the medical databases between 01/01/1964 and 17/01/2022;
included humans undergoing any intestinal surgical procedure
2022 | Volume 9 | Article 882173
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with the formation of any kind of intestinal anastomoses with
focus on the upper and lower GIT; the intervention group
included patients who received an intestinal anastomosis
(regardless of anastomotic technique) coated or reinforced
with either a collagen-based laminar biomaterial or a fibrin
sealant (synthetic or animal derived, with or without
additional substances embedded, regardless of the
manufacturer); control group included patients who received
an intestinal anastomosis (regardless of anastomotic
technique) not coated or reinforced with any product; and
depicted postoperative clinical outcomes, including but not
restricted to, AL, reoperation and mortality rates, major
complication rates (grades III–V) according to the Clavien–
Dindo classification of surgical complications (43) (C-DMC),
and length of hospital stay.

Exclusion criteria comprised studies representing reviews or
meta-analyses, case reports or case series, animal studies, ex vivo
or in vitro studies; gastrointestinal surgical procedures without the
formation of an intestinal anastomosis; hepatobiliary anastomoses
(e.g., pancreaticointestinal anastomoses, biliodigestive anastomoses);
closure of transmural and nontransmural intestinal defects;
intestinal stumps or pouches; coating of anastomosis in an
operative revision, secondary to AL or fistula formation; and
any kind of anastomotic coatings or sealants not based on
collagen and/or fibrin.
Search Strategy
We conducted a comprehensive systematic literature search for
studies published in the electronic medical databases PubMed
(MEDLINE), Web of Science, Scopus, and Cochrane Library
using predefined search items, further specified in
Supplementary Table S1.

To ensure that potentially relevant studies were not missed,
reference lists of reviews and included studies were examined
manually, and additional web search was conducted. In case
of ambiguous or inadequate data presentation, we contacted
these studies’ authors to provide the required information.
The final search was conducted on 17/01/2022.
Selection Process
Study selection was performed by two investigators (surgical
residents: K.C. and F.S.) independently. All studies identified
in the search process were exported to the reference
management tool EndNote X9 (The EndNote Team, Clarivate
2013, Philadelphia, PA, USA).

Duplicates were removed by computer-based methods,
followed by a secondary manual exclusion. Titles and abstracts
were assessed manually and excluded in accordance with our
predefined eligibility criteria. Abstracts and full-text articles
correlating with these criteria were retrieved and further
evaluated for eligibility. Disagreements concerning eligibility
were discussed and resolved in consensus with a third
investigator (surgical specialist: P-A.N.), who independently
assessed the accuracy of the search results.
Frontiers in Surgery | www.frontiersin.org 344
Data Collection Process
Two investigators (K.C. and F.S.) independently performed data
collection and analysis onto a Microsoft Excel spreadsheet
(Home and Student 2019 edition; Microsoft, Redmond, WA,
USA), and a third investigator (radiology resident: S.R.)
independently assessed the accuracy of the extracted data. In
case of any discrepancies, the extracted data were discussed
and resolved in consensus with the fourth investigator
(P-A.N.) acting as an arbitrator.

Data Extraction
For each study, we collected the following data, if available:
author, year, and country of publication; study design and
inclusion period; ethical approval and funding; inclusion and
exclusion criteria; number of patients in the intervention
and control group; baseline characteristics such as age, sex,
and body mass index; surgical characteristics: indication for
surgery, surgical intervention and technique, and anastomoses
(number, location, and technique); collagen-based biomaterial or
fibrin sealant used in the intervention group; and any additional
intervention. Study and patients’ characteristics are presented in
Table 1, and surgical characteristics are given in Table 2.

To provide an implication on and utilization in surgical practice,
data on postoperative AL, reoperation, C-DMC, mortality rate, and
the length of hospitalization were collected (Table 3).

Risk of Bias Assessment
The quality of the included studies was assessed by two
investigators (K.C. and F.S.) independently. Systematic
assessment of the risk of bias for randomized controlled
studies and nonrandomized studies of interventions was
conducted using the Risk of Bias 2 (RoB 2) tool (44) and the
Risk Of Bias In Nonrandomized Studies of Interventions
(ROBINS-I) tool (45), according to the recommendations in
the Cochrane Handbook for Reviews of Interventions (41).
The Newcastle–Ottawa Scale (NOS) for cohort studies (46), a
commonly used and established tool, was used to evaluate the
quality of included observational studies. We defined any
study with an NOS score of >7 as high quality, 5–7 as
moderate, and <5 as low quality. Any disagreements were
resolved in consensus with the third investigator (S.R.).

Synthesis Method
All statistical analyses in this review were carried out using Review
Manager software version 5.3. (Nordic Cochrane Centre,
Copenhagen, Denmark) and the JASP Team (2021; JASP,
version 0.16). Results with a p-value of <0.05 are considered
significant. Values given in the unit “median (interquaratile
range)” or “median (range: minimum – maximum)” were
converted using the Box–Cox method of McGrath et al. (47)
to estimate the sample mean and standard deviation.
Heterogeneity across studies was analyzed using the statistical
I2 test, considering I2≥ 50% as substantial heterogeneity (48).
In case of substantial heterogeneity (I2≥ 50%), the random-effects
model was used to conduct the meta-analyses; for I2< 50%, the
fixed-effects model was utilized.
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TABLE 1 | Study and patient characteristics.

Author Year Country Study
design

Age
group

Number of
patients, n

Anastomotic coating
(intervention group)

Indication for surgery

I C

Brehant et al. (50) 2013 France RCS Adult 202 404 Collatamp Sponge (C-BLB) Colorectal cancer;
Benign lesions

Marano et al. (54) 2016 Italy RCS Adult 28 34 TachoSil (C-BLB) Gastric cancer;
Esophagogastric junction cancer

Torres-Melero
et al. (58)

2016 Spain NRS Adult 22 27 Fibrin-coated collagen
sponge (C-BLB)

Peritoneal carcinomatosis (colorectal cancer)

Fernandez et al. (34) 1996 Spain RCT Adult 42 44 Tissucol (FS) Gastric adenocarcinoma

Grieder et al. (51)a 2010 Switzerland Pilot-
study

Adult 118 113 Fibrin Glue (FS) Colorectal cancer

Huang et al. (52) 2021 China RCS Adult 86 141 Bioseal (FS) Squamous cell or adenocarcinoma of the
thoracic or esophagogastric junction

Huh et al. (36) 2010 Korea PCS Adult 104 119 Tissucol or Greenplast (FS) Rectal cancer

Kim et al. (53) 2013 Korea RCS Adult 414 734 Tissucol or Greenplast (FS) Rectal cancer

Liu et al. (37) 2003 United
States

NRS Adult 120 360 Tisseel (FS) Obesity (bariatric surgery)

Oliver et al. (55) 2012 Spain RCT Adult 52 52 Tissucol Duo (FS) Different conditions (high-risk anastomoses)

Saldaña-Cortés
et al. (38)

2009 Mexico NRS Pediatric 14 24 Quixil (FS) Caustic esophageal injury

Sdralis et al. (56) 2019 Greece RCT Adult 35 22 Tisseel (FS) Adenocarcinoma of the distal esophagus or
esophagogastric junction

Sieda et al. (57) 2015 Egypt PCS Adult 35 35 Commercial Fibrin Sealant Malignant colonic obstruction;
Nonmalignant colonic obstruction

Silecchia et al. (39) 2006 Italy RCT Adult 93 111 Tissucol (FS) Obesity (bariatric surgery)

Upadhyaya
et al. (40)

2007 India RCT Pediatric 22 23 Tisseel (FS) Esophageal atresia with tracheoesophageal
fistula

RCS, Retrospective cohort study; PCS, prospective cohort study; RCT, randomized controlled trial; NRS, nonrandomized study; I, Intervention group (coated or reinforced
anastomoses); C, control group; C-BLB, collagen-based laminar biomaterial; FS, fibrin sealant; Benign lesions, diverticulitis, inflammatory bowel disease, or other lesions;
nonmalignant colonic obstruction, perforated diverticulum, inflammatory bowel disease, volvulus, fecal fistula, bands.
aAbstract.

Cira et al. Coating Intestinal Anastomoses—Leakage Prevention
Potential publication bias was examined using Egger’s test
(49) for funnel plot asymmetry for outcomes including ≥10
studies, as it is not recommended to conduct the test in the
case of fewer studies included (41). To evaluate the stability of
our outcomes, we conducted a sensitivity analysis by
evaluating the impact of excluding one study at a time on the
pooled OR, regardless of the observed heterogeneity. Subgroup
analyses were planned a priori to assess potential risk factors
on studied postoperative outcomes and patient groups at
higher risk for complications. The predefined subgroups,
assessed in secondary analysis, were stratified by study design,
intervention used (collagen-based laminar biomaterials and/or
fibrin sealants), age group (adult or pediatric), location of
anastomoses (esophagus, stomach, small intestine, colon, and/
or rectum), and indication for surgery. Differences in the
outcomes across these subgroups were assessed and reported
using the test for subgroup differences (TSD).

In subject to the calculated I2 percentage, either the random-
effects model (I2≥ 50%) or the fixed-effects model (I2 < 50%)
was used to summarize and depict pooled ORs with 95% CIs
in a forest plot.
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RESULTS

In summary, we identified 1,581 studies through electronic
database search and 11 studies through citation and website
search, out of which 382 duplicates were removed. Title and
abstracts of 1,199 studies were screened manually, and 1,142
studies lacking eligibility were excluded. Of 57 eligible studies
thus-acquired for full-text analysis, 35 could not be retrieved,
leaving 22 studies originating from the database search and 11
studies identified by other methods. After full-text analysis, 10
of 22 studies were excluded: five studies without a control
group, four studies using other interventions, and one study
with an irrelevant endpoint. Of the 11 studies identified through
citation and website search, eight studies without the formation
of an anastomosis were excluded. Finally, 15 studies (34, 36–40,
50–58) were analyzed quantitatively and qualitatively for this
systematic review and included in our meta-analyses (Figure 1).

Study Characteristics
This systematic review and meta-analysis evaluates five RCTs (34,
39, 40, 55, 56), three nonrandomized intervention studies (NRSs)
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TABLE 2 | Surgical characteristics.

Author Year Open/
laparoscopicb

Surgical intervention Site and technique of anastomosis

Ic/Cc Anastomotic covering/
reinforcement (Ic)

Brehant et al. (50) 2013 ✓/✓ Colon or colorectal resection Intestinal anastomosis Collatamp (10 × 10 cm)

Marano et al. (54) 2016 ✓/— Total or distal gastric resection;
Distal esophagectomy and
total gastrectomy

Mechanical end-to-side
esophagojejunal anastomosis
(25 mm anvil head circular stapler);
mechanical side-to-end gastrojejunal
anastomosis
(28 mm anvil head circular stapler)

TachoSil
(9.5 × 4.8 × 0.5 cm with two
seromuscular stitches)

Torres-Melero et al. (58) 2016 N/A Debulking colon resection Mechanical intestinal anastomosis Fibrin-coated collagen sponge
(9.5 × 4.8 cm)

Fernandez et al. (34) 1996 N/A Curative R2 or extended
gastrectomy

Mechanical end-to-side
esophagojejunal anastomosis
(Roux-en-Y jejunal loop used; tobacco
pouch formed manually)

Tissucol (applied on both
surfaces during approximation
of anvil to the Stapler
Cartridge)

Grieder et al. (51)a 2010 ✓/✓ Colorectal resection Mechanical intestinal anastomosis
(approximately 10 cm above anal
verge)

Fibrin glue (1 mL; applied
between pressure plates of
stapler, fired after 2–3 min)

Huang et al. (52) 2021 ✓/✓ McKeown esophagectomy Mechanical end-to-side
esophagogastric anastomosis
(inverted; circular stapler: EEA 21 or
25 mm)

Bioseal (2.5 mL)

Huh et al. (36) 2010 —/✓ Low anterior rectal resection Double-stapled colorectal
anastomosis

Tissucol or Greenplast
(1–2 mL)

Kim et al. (53) 2013 ✓/✓ Low anterior rectal resection
with total mesorectal excision

Double-stapled colorectal
anastomosis

Tissucol or Greenplast
(1–2 mL)

Liu et al. (37) 2003 ✓/✓ Roux-en-Y-gastric bypass Hand-sewn gastrojejunal anastomosis Tisseel (5 mL; perivisceral fat
pad glued to anterolateral part
of anastomosis)

Oliver et al. (55) 2012 N/A Esophageal resection;
Roux-en-Y-gastric bypass;
gastrectomy; rectal resection;
intestinal resection of
obstructed segment

Intestinal anastomosis (according to
procedure)

Tissucol

Saldaña-Cortés et al. (38) 2009 ✓/− Colon interposition for
esophageal reconstruction

Hand-sewn, single layer, end-to-side
cervicocolic anastomosis covered
(4-0 Vicryl)

Quixil (3–4 mL)

Sdralis et al. (56) 2019 ✓/✓ Two-stage esophagectomy—
Ivor-Lewis procedure

Intrathoracic mechanical end-to-side
esophagogastric anastomosis (circular
stapler: CDH 25 OR 29 mm)

Tisseel

Sieda et al. (57) 2015 ✓/— Enterocolic resection or
colectomy

Hand-sewn, single layer, enterocolic or
colocolic anastomosis (continuous
suture, 3-0 Vicryl)

Fibrin sealant

Silecchia et al. (39) 2006 ✓/— Roux-en-Y-gastric bypass Mechanical or hand-sewn
gastrojejunal anastomosis
(Gagner technique with circular stapler
25 EEA; linear stapler; two-layer
continuous suture);
jejunal anastomosis

Tissucol (2- or 5-mL)

Upadhyaya et al. (40) 2007 ✓/— Esophageal reconstruction Hand-sewn, single layer, end-to-side
esophageal anastomosis (5-0 Vicryl)

Tisseel

N/A, Not available; mm, millimeter; cm, centimeter; mL, milliliter; ✓, yes; –, no; I, intervention group (coated or reinforced anastomoses); C = Control Group.
aAbstract.

Cira et al. Coating Intestinal Anastomoses—Leakage Prevention
(37, 38, 58), four retrospective cohort studies (RCSs) (50, 52–54),
two prospective cohort studies (PCS) (36, 57), and one abstract
(51). These studies were published between 1996 and 2021 and
were conducted in China (52), Egypt (57), France (50), Greece
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(56), India (40), Italy (39, 54), Korea (36, 53), Mexico (38),
Spain (34, 55, 58), Switzerland (51), and the USA (37).

Of 3,630 patients included in 15 studies, 1,387 patients
received an intervention, while 2,243 served as a control. To
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TABLE 3 | Postoperative outcomes.

Author Year Anastomotic
leakage,
n (%)

Reoperation,
n (%)

Clavien-Dindo
major

complications
(43), n (%)

Length of hospitalization,
mean (SD)b;

in Days

Mortality,
n (%)

Ic Cc Ic Cc Ic Cc Ic Cc Ic Cc

Brehant et al. (50) 2013 N/A N/A N/A N/A ↓18 (9) ↑67 (16.6) ↓ ↑ N/A N/A

Marano et al. (54) 2016 0 (0) 4 (11.8) N/A N/A N/A N/A ↓ 14.7 ± 4.3 ↑ 19.9 ± 5.6 0 (0) 0 (0)

Torres-Melero et al. (58) 2016 0 (0) 3 (11.1) 1 (4.6) 3 (11.1) N/A N/A N/A N/A N/A N/A

Fernandez et al. (34) 1996 0 (0) 4 (9) 0 (0) 0 (0) N/A N/A N/A N/A 0 (0) 0 (0)

Grieder et al. (51)a 2010 5 (4.2) 9 (8) 3 (2.5) 9 (8) N/A N/A N/A N/A N/A N/A

Huang et al. (52) 2021 ↓4 (4.7) ↑28 (19.4) N/A N/A 12 (14) 28 (20) ↓12.11 ± 3.86 ↑15.51 ± 9.54 0 (0) 2 (1.4)

Huh et al. (36) 2010 6 (5.8) 13 (11) N/A N/A N/A N/A 9.46 ± 2.37 9.81 ± 3.03 N/A N/A

Kim et al. (53) 2013 ↓17 (4.1) ↑59 (8) 0 (0) 7 (1) N/A N/A N/A N/A N/A N/A

Liu et al. (37) 2003 ↓0 (0) ↑8 (2.2) ↓3 (2.5) ↑12 (3.3) N/A N/A N/A N/A N/A N/A

Oliver et al. (55) 2012 ↓7 (13.5) ↑15 (28.9) N/A N/A N/A N/A N/A N/A 3 (5.8) 4 (7.7)

Saldaña-Cortés et al. (38) 2009 4 (28.6) 12 (50) N/A N/A N/A N/A 12.6 ± 2.6 12.9 ± 2.6 1 (7.1) 1 (4.1)

Sdralis et al. (56) 2019 5 (14.3) 3 (13.7) N/A N/A N/A N/A N/A N/A N/A N/A

Sieda et al. (57) 2015 3 (8.6) 7 (20) N/A N/A N/A N/A 5 ± 1.7 7 ± 2.3 N/A N/A

Silecchia et al. (39) 2006 0 (0) 2 (1.8) ↓0 (0) ↑8 (7.2) N/A N/A 7.0 ± 1.6 7.0 ± 1.8 0 (0) 0 (0)

Upadhyaya et al. (40) 2007 ↓2 (9.1) ↑10 (43.5) N/A N/A N/A N/A N/A N/A 2 (9.1) 6 (26)

N/A, Not available; ↓, significantly lower; ↑, significantly higher.
I, Intervention group (coated or reinforced anastomoses); and C, control group.
aAbstract.
bIf given in “median (interquaratile range)” or “median (range: minimum – maximum”, values were converted using the Box–Cox (BC) method of McGrath et al. 2020 (47) to
estimate the sample mean and standard deviation.
The bold indicates significant outcomes.
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cover the anastomoses, collagen-based laminar biomaterials
were utilized in 252 patients (50, 54, 58), and fibrin sealants
were utilized in 1,135 cases (34, 37–40, 51–53, 55–57). The
majority of studies examined adult patients (34, 36, 37, 39,
50–58) undergoing intestinal surgery for malignant tumors
(34, 36, 50–54, 56–58), benign lesions (such as diverticulitis,
inflammatory bowel disease, or any kind of nonmalignant
intestinal obstruction) (50, 55, 57), or bariatric surgery due to
morbid obesity (37, 39). Pediatric patients were examined in
two studies (38, 40); indications for surgery were either
congenital esophageal atresia with tracheoesophageal fistula
(40) or caustic esophageal injury (38) (Table 1).

In all cases, regardless of the anastomotic location or
technique, intestinal anastomoses of patients in the
intervention group were either reinforced or covered externally
with either collagen-based laminar biomaterials (Collatamp or
TachoSil) (50, 54, 58) or fibrin sealants (Tisseel, Tissucol,
Greenplast, Bioseal or Quixil) (34, 36–40, 51–53, 55–57).
Patients in the control group received the same surgical
procedure as the intervention group but without covering the
anastomoses with any substance. Detailed surgical
characteristics, including surgical intervention and anastomotic
technique, are depicted in Table 2.

Postoperative AL was assessed in 14 studies (34, 36–40, 51–
58), out of which five (37, 40, 52, 53, 55) found a significantly
lower AL rate within the intervention group. Reoperation and
Frontiers in Surgery | www.frontiersin.org 647
C-DMC rates were found to occur significantly less common
in patients with sealed anastomoses in two (37, 39) out of six
and one (50) out of two studies, respectively. Two out of six
studies (52, 54) reported significantly longer hospitalizations
for patients in the control group. Differences between the
study groups in regard to mortality rates could not be
detected in seven studies (34, 38–40, 52, 54, 55) (Table 3).
Risk of Bias Assessment
Risk of bias assessment was performed for all but one study (51),
representing an abstract instead of a full-text article
(Supplementary Table S2).

To assess the risk of bias for included RCTs (34, 39, 40, 55,
56), the RoB 2 tool (44) was utilized, and for nonrandomized
studies (37, 38, 58), the ROBINS-I tool (45) was applied,
according to the recommendations in the Cochrane Handbook
for Reviews of Interventions (41). All of these studies presented
either some concerns (RCT) (34, 39, 40, 55, 56) or moderate
risk of bias (NRS) (37, 38, 58).

The NOS for cohort studies (46) was used to assess the
quality of the six included observational studies (36, 50, 52–
54, 57). The risk of bias based on this quality assessment
presented the majority of studies (36, 50, 52–54) as being of
moderate quality (n = 5; NOS score 6–7), while one study (57)
appeared to be low in quality (NOS < 5).
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FIGURE 1 | Study flow diagram according to the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) Statement 2020 (42).

FIGURE 2 | Fixed-effects meta-analysis for the postoperative anastomotic leakage rate in the intervention (coated or reinforced anastomoses) and control group.
The forest plot of all studies is included.
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TABLE 4 | Fixed-effects meta-analysis for postoperative anastomotic leakage in the intervention and control group.

Postoperative anastomotic leakage Odds ratio (OR): fixed-effects model Heterogeneity Eggers test

Overall OR, 0.37; 95% CI, 0.27–0.52; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.84 p = 0.227

Sensitivity analyses

Excluded study OR: fixed-effects model Heterogeneity

Fernandez et al. (34) OR, 0.38; 95% CI, 0.28–0.53; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.83

Grieder et al. (51) OR, 0.36; 95% CI, 0.26–0.51; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.79

Huang et al. (52) OR, 0.40; 95% CI, 0.29–0.57; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.90

Huh et al. (36) OR, 0.36; 95% CI, 0.26–0.51; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.79

Kim et al. (53) OR, 0.33; 95% CI, 0.22–0.48; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.84

Liu et al. (37) OR, 0.38; 95% CI, 0.27–0.53; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.80

Marano et al. (54) OR, 0.38; 95% CI, 0.28–0.53; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.82

Oliver et al. (55) OR, 0.37; 95% CI, 0.27–0.53; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.77

Saldaña-Cortés et al. (38) OR, 0.37; 95% CI, 0.27–0.52; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.77

Sdralis et al. (56) OR, 0.36; 95% CI, 0.26–0.50; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.89

Sieda et al. (57) OR, 0.37; 95% CI, 0.27–0.52; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.78

Silecchia et al. (39) OR, 0.38; 95% CI, 0.27–0.52; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.78

Torres-Melero et al. (58) OR, 0.37; 95% CI, 0.27–0.53; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.80

Upadhyaya et al. (40) OR, 0.39; 95% CI, 0.28–0.54; p < 0.00001 [↓(I); ↑(C)] I2 = 0%; p = 0.90

↓, Significantly lower; ↑, significantly higher; I, intervention group (coated or reinforced anastomoses); C, control group.
The bold indicates significant outcomes.
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Result of Synthesis
Postoperative Anastomotic Leakage Rates
Overall, 14 studies (34, 36–40, 51–58) reported postoperative AL
rates occurring in 53 (4.5%) of 1,185 patients in the intervention
group and 177 (9.6%) of 1,839 patients in the control group. The
AL rate was significantly lower for patients with coated
anastomoses using fixed-effects meta-analysis (OR, 0.37; 95%
CI, 0.27–0.52; p < 0.00001) (Figure 2).

Studies were homogeneous (I2 = 0%; p = 0.84), and no
publication bias was observed (Egger’s test p = 0.227).
Observed results remained stable throughout sensitivity
analyses, excluding one study at a time (Table 4).

Subgroup analyses found no subgroup differences for
subgroups stratified by study design (TSD: p = 0.74),
intervention used (TSD: p = 0.33), age group (TSD: p = 0.40),
anastomotic location (TSD: p = 0.63), indication for surgery
(TSD: p = 0.66), and its subclassification (TSD: p = 0.45)
(Table 5).

Postoperative Reoperation Rates
A total of five studies (37, 39, 51, 55, 58) examined the
postoperative reoperation rates, occurring in seven (1.7%) of
405 patients in the intervention group and 39 (5.9%) of 663
patients in the control group. Rates of reoperation presented
to be significantly lower for patients in the intervention group
using fixed-effects meta-analysis (OR, 0.21; 95% CI, 0.10–0.47;
p = 0.0001) (Figure 3).

Studies were homogeneous (I2 = 0%; p = 0.88), and results
remained stable in sensitivity analyses. Subgroup analyses
found no subgroup differences for subgroups stratified by
Frontiers in Surgery | www.frontiersin.org 849
study design (TSD: p = 0.71), intervention used (TSD: p =
0.60), anastomotic location (TSD: p = 0.64), and indication for
surgery (TSD: p = 0.64) (Table 6).

Overall Postoperative Clavien–Dindo Major
Complication Rates
Two studies (50, 52) evaluated the incidence of postoperative
major complications according to the Clavien–Dindo
classification of surgical complications (43). In total, 30
(10.4%) of 288 patients with external anastomotic coating and
95 (17.4%) of 545 patients in the control group developed
postoperative C-DMC. The intervention group presented with
significantly lower C-DMC rates using fixed-effects meta-
analysis (OR, 0.54; 95% CI, 0.35–0.84; p = 0.006). Studies were
homogeneous (I2 = 0%; p = 0.54) (Figure 4).

Length of Hospitalization
Another seven studies (34, 36, 38, 39, 52, 54, 57) monitored the
length of hospitalization. The overall length of hospitalization
was significantly shorter for patients in the intervention group
compared to those for patients in the control group using the
random-effects model meta-analysis to calculate the weighted
mean difference (WMD, −1.96; 95% CI: −3.21, −0.71; p =
0.002). Studies showed significant substantial heterogeneity (I2

= 88%; p < 0.00001) but remained stable throughout sensitivity
analyses. Subgroup analyses found a significant subgroup
difference when the patients were stratified according to the
intervention used (TSD: p = 0.0010), anastomotic location
(TSD: p < 0.00001), indication for surgery (TSD: p = 0.001),
and its subclassification (TSD: p = 0.001) (Figure 5).
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TABLE 5 | Subgroup analyses of fixed-effects meta-analysis for postoperative anastomotic leakage.

Subgroup analyses

Subgroup Odds ratio (OR): fixed-effects model Test for subgroup difference

Study design p = 0.75

RCT OR, 0.33; 95% CI, 0.17–0.65; p = 0.001 [↓(I); ↑(C)]

NRS OR, 0.27; 95% CI, 0.09–0.87; p = 0.03 [↓(I); ↑(C)]

OS OR, 0.40; 95% CI, 0.27–0.60; p < 0.00001 [↓(I); ↑(C)]

Covering p = 0.33

C-BLB OR, 0.13; 95% CI, 0.02–1.12; p = 0.06

FS OR, 0.39; 95% CI, 0.28–0.54; p < 0.00001 [↓(I); ↑(C)]

Age group p = 0.40

Adult OR, 0.39; 95% CI, 0.28–0.55; p < 0.00001 [↓(I); ↑(C)]

Pediatric OR, 0.24; 95% CI, 0.08–0.69; p = 0.008 [↓(I); ↑(C)]

Anastomotic location p = 0.63

Esophagus OR, 0.28; 95% CI, 0.15–0.55; p = 0.0002 [↓(I); ↑(C)]

Esophagojejunal or gastrojejunal OR, 0.28; 95% CI, 0.12–0.67; p = 0.004 [↓(I); ↑(C)]

Gastrojejunal (bariatric surgery) OR, 0.19; 95% CI, 0.02–1.58; p = 0.12

Colorectal OR, 0.47; 95% CI, 0.31–0.71; p = 0.0004 [↓(I); ↑(C)]

Miscellaneous OR, 0.38; 95% CI, 0.28–0.51; p = 0.06

Indication for surgery p = 0.66

Malignant tumor OR, 0.40; 95% CI, 0.28–0.58; p < 0.00001 [↓(I); ↑(C)]

Obesity (bariatric surgery) OR, 0.19; 95% CI, 0.02–1.58; p = 0.12

Miscellaneous OR, 0.31; 95% CI, 0.15–0.63; p = 0.001 [↓(I); ↑(C)]

Indication for surgery (subclassified) p = 0.45

Upper GIT malignancy OR, 0.26; 95% CI, 0.12–0.56; p = 0.0005 [↓(I); ↑(C)]

Lower GIT malignancy OR, 0.47; 95% CI, 0.31–0.71; p = 0.0004 [↓(I); ↑(C)]

Obesity (bariatric surgery) OR, 0.19; 95% CI, 0.02–1.58; p = 0.12

Miscellaneous OR, 0.31; 95% CI, 0.15–0.63; p = 0.001 [↓(I); ↑(C)]

↓, Significantly lower; ↑, significantly higher; I, intervention group (coated or reinforced anastomoses); C, control group; RCT, randomized controlled trial; NRS, nonrandomized
study; OS, observational study; C-BLB, collagen-based laminar biomaterial; FS, fibrin sealant; GIT, gastrointestinal tract.
The bold indicates significant outcomes.

FIGURE 3 | Fixed-effects meta-analysis for the postoperative reoperation rate in the intervention (coated or reinforced anastomoses) and control group. The forest
plot of all studies is included.

Cira et al. Coating Intestinal Anastomoses—Leakage Prevention
Patients in the intervention group presented with a significantly
shorter time of hospitalization compared to the control group
if undergoing intestinal surgical procedures for malignant
gastrointestinal tumors (WMD, −3.06; 95% CI: −4.93, −1.19;
Frontiers in Surgery | www.frontiersin.org 950
p= 0.001), especially if they were located in the upper GIT (WMD,
−4.94; 95% CI: −7.98, −1.90; p = 0.001) and were operated with
the creation of an esophagojejunal or gastrojejunal anastomosis
(WMD, −2.28; 95% CI: −6.35, −4.31; p < 0.00001) (Table 7).
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TABLE 6 | Fixed-effects meta-analysis for postoperative reoperation in the intervention and control group.

Postoperative reoperation Odds ratio (OR): fixed-effects model Heterogeneity

Overall OR, 0.21; 95% CI, 0.10–0.47; p = 0.0001 [↓(I); ↑(C)] I2 = 0%; p = 0.88

Sensitivity analyses

Excluded study OR: fixed-effects model Heterogeneity

Grieder et al. (51) OR, 0.18; 95% CI, 0.07–0.48; p = 0.0007 [↓(I); ↑(C)] I2 = 0%; p = 0.82

Liu et al. (37) OR, 0.21; 95% CI, 0.09–0.48; p = 0.0002 [↓(I); ↑(C)] I2 = 0%; p = 0.76

Oliver et al. (55) OR, 0.21; 95% CI, 0.08–0.57; p = 0.002 [↓(I); ↑(C)] I2 = 0%; p = 0.76

Silecchia et al. (39) OR, 0.25; 95% CI, 0.11–0.58; p = 0.001 [↓(I); ↑(C)] I2 = 0%; p = 0.96

Torres-Melero et al. (58) OR, 0.20; 95% CI, 0.08–0.46; p = 0.0002 [↓(I); ↑(C)] I2 = 0%; p = 0.81

Subgroup analyses

Subgroup OR: fixed-effects model Test for subgroup difference

Study design p = 0.71

RCT OR, 0.15; 95% CI, 0.04–0.49; p = 0.002 [↓(I); ↑(C)]

NRS OR, 0.27; 95% CI, 0.04–1.65; p = 0.16

OS OR, 0.30; 95% CI, 0.08–1.14; p = 0.08

Covering p = 0.60

C-BLB OR, 0.38; 95% CI, 0.04–3.95; p = 0.42

FS OR, 0.20; 95% CI, 0.08–0.46; p = 0.0002 [↓(I); ↑(C)]

Age group (adults only)

Anastomotic location p = 0.64

Gastrojejunal (bariatric surgery) OR, 0.11; 95% CI, 0.01–0.81; p = 0.03 [↓(I); ↑(C)]

Colorectal OR, 0.32; 95% CI, 0.10–1.02; p = 0.05 [↓(I); ↑(C)]

Miscellaneous OR, 0.20; 95% CI, 0.05–0.77; p = 0.02 [↓(I); ↑(C)]

Indication for surgery p = 0.64

Malignant tumor (lower GIT) OR, 0.32; 95% CI, 0.10–1.02; p = 0.05 [↓(I); ↑(C)]

Obesity (bariatric surgery) OR, 0.11; 95% CI, 0.01–0.81; p = 0.03 [↓(I); ↑(C)]

Miscellaneous OR, 0.20; 95% CI, 0.05–0.77; p = 0.02 [↓(I); ↑(C)]

↓, Significantly lower; ↑, significantly higher; I, intervention group (coated or reinforced anastomoses); C, control group; RCT, randomized controlled trial; NRS, nonrandomized
study; OS, observational study; C-BLB, collagen-based laminar biomaterial; FS, fibrin sealant; GIT, gastrointestinal tract.
The bold indicates significant outcomes.

FIGURE 4 | Fixed-effects meta-analysis for the postoperative major complication rate according to the Clavien–Dindo classification of surgical complications (43) in
the intervention (coated or reinforced anastomoses) and control group. The forest plot of all studies is included.

Cira et al. Coating Intestinal Anastomoses—Leakage Prevention
Postoperative Mortality Rate
In total, four studies recorded postoperative mortality rates
(38, 40, 52, 55), occurring in six (3.4%) of 174 patients with
fibrin sealant-coated anastomoses and 13 (5.5%) of 240
Frontiers in Surgery | www.frontiersin.org 1051
patients in the control group. No significant differences
were found between the studied groups using fixed-effects
meta-analysis (OR, 0.52; 95% CI, 0.20–1.39; p = 0.19)
(Figure 6).
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FIGURE 5 | Random-effects meta-analysis for the length of hospitalization in the intervention (coated or reinforced anastomoses) and control group. (A) Forest plot
of all studies included. (B) Forest plot of subgroup analysis stratified by location of anastomoses. (C) Forest plot of subgroup analysis stratified by indication of surgery.
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TABLE 7 | Random-effects meta-analysis for the length of hospitalization in the intervention and control group.

Length of hospitalization Weighted mean difference (WMD): random-effects model Heterogeneity

Overall WMD, −1.96; 95% CI: −3.21, −0.71; p = 0.002 [↓(I); ↑(C)] I2 = 88%; p < 0.00001

Sensitivity analyses

Excluded study WMD: random-effects model Heterogeneity

Fernandez et al. (34) WMD, −1.48; 95% CI: −2.62, −0.33; p = 0.01 [↓(I); ↑(C)] I2 = 86%; p < 0.00001

Huang et al. (52) WMD, −1.90; 95% CI: −3.24, −0.55; p = 0.006 [↓(I); ↑(C)] I2 = 89%; p < 0.00001

Huh et al. (36) WMD, −2.50; 95% CI: −4.21, −0.79; p = 0.004 [↓(I); ↑(C)] I2 = 90%; p < 0.00001

Marano et al. (54) WMD, −1.36; 95% CI: −2.46, −0.25; p = 0.02 [↓(I); ↑(C)] I2 = 84%; p < 0.00001

Saldaña-Cortés et al. (38) WMD, −2.28; 95% CI: −3.68, −0.87; p = 0.001 [↓(I); ↑(C)] I2 = 90%; p < 0.00001

Sieda et al. (57) WMD, −1.99; 95% CI: −3.41, −0.57; p = 0.006 [↓(I); ↑(C)] I2 = 88%; p < 0.00001

Silecchia et al. (39) WMD, −2.53; 95% CI: −4.12, −0.94; p = 0.002 [↓(I); ↑(C)] I2 = 86%; p < 0.00001

Subgroup analyses

Subgroup WMD: random-effects model Test for subgroup difference

Study design p = 0.22

RCT WMD, −3.44; 95% CI: −10.62, 3.74; p = 0.35

NRS WMD, −0.30; 95% CI: −2.01, 1.41; p = 0.73

OS WMD, −2.36; 95% CI: −4.10, −0.61; p = 0.008 [↓(I); ↑(C)]

Covering p = 0.0010

C-BLB WMD, −5.90; 95% CI: −8.37, −3.43; p < 0.00001 [↓(I); ↑(C)]

FS WMD, −1.36; 95% CI: −2.46, −0.25; p = 0.02 [↓(I); ↑(C)]

Age group p = 0.08

Adult WMD, −2.28; 95% CI: −3.68, −0.87; p = 0.001 [↓(I); ↑(C)]

Pediatric WMD, −0.30; 95% CI: −2.01, 1.41; p = 0.73

Anastomotic location p < 0.00001

Esophagus WMD, −1.34; 95% CI: −3.39, 0.72; p = 0.2

Esophagojejunal or gastrojejunal WMD, −2.28; 95% CI: −6.35, −4.31; p < 0.00001 [↓(I); ↑(C)]

Gastrojejunal (bariatric surgery) WMD, 0.0; 95% CI: −0.47, 0.47; p = 1.0

Colorectal WMD, −1.15; 95% CI: −2.76, 0.47; p = 0.16

Indication for surgery p = 0.008

Malignant tumor WMD, −3.06; 95% CI: −4.93, −1.19; p = 0.001 [↓(I); ↑(C)]

Obesity (bariatric surgery) WMD, 0.0; 95% CI: −0.47, 0.47; p = 1.0

Miscellaneous WMD, −0.30; 95% CI: −2.01, 1.41; p = 0.73

Indication for surgery (subclassified) p = 0.010

Upper GIT malignancy WMD, −4.94; 95% CI: −7.98, −1.90; p = 0.001 [↓(I); ↑(C)]

Lower GIT malignancy WMD, −1.15; 95% CI: −2.76, 0.47; p = 0.16

Obesity (bariatric surgery) WMD, 0.0; 95% CI: −0.47, 0.47; p = 1.0

Miscellaneous WMD, −0.30; 95% CI: −2.01, 1.41; p = 0.73

↓, Significantly lower; ↑, significantly higher; I, intervention group (coated or reinforced anastomoses); C, control group; RCT, randomized controlled trial; NRS, nonrandomized
study; OS, observational study; C-BLB, collagen-based laminar biomaterial; FS, fibrin sealant; GIT, gastrointestinal tract.
The bold indicates significant outcomes.

Cira et al. Coating Intestinal Anastomoses—Leakage Prevention
Studies were homogeneous (I2 = 0%; p = 0.69) and remained
stable in sensitivity analyses. Subgroup analyses found no
significant subgroup difference for subgroups stratified by
study design (TSD: p = 0.66), age group (TSD: p = 0.78),
anastomotic location (TSD: p = 0.59), and indication for
surgery (TSD: p = 0.74) (Table 8).
Frontiers in Surgery | www.frontiersin.org 1253
DISCUSSION

This systematic review and meta-analysis gives an overview of
the efficacy of externally covering anastomoses with collagen-
based laminar biomaterials or fibrin sealants in reducing
postoperative rates of AL and its accompanying sequelae for
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FIGURE 6 | Fixed-effects meta-analysis for the postoperative mortality rate in the intervention (coated or reinforced anastomoses) and control group. The forest plot
of all studies is included.

TABLE 8 | Fixed-effects meta-analysis for postoperative mortality in the intervention and control goup.

Mortality Odds ratio (OR): fixed-effects model Heterogeneity

Overall OR, 0.52; 95% CI, 0.20–1.39; p = 0.19 I2 = 0%; p = 0.69

Sensitivity analyses

Excluded study OR: fixed-effects model Heterogeneity

Huang et al. (52) OR, 0.56; 95% CI, 0.20–1.59; p = 0.28 I2 = 0%; p = 0.51

Oliver et al. (55) OR, 0.42; 95% CI, 0.12–1.52; p = 0.19 I2 = 0%; p = 0.55

Saldaña-Cortés et al. (38) OR, 0.44; 95% CI, 0.15–1.28; p = 0.13 I2 = 0%; p = 0.70

Upadhyaya et al. (40) OR, 0.72; 95% CI, 0.22–2.42; p = 0.60 I2 = 0%; p = 0.72

Subgroup analyses

Subgroup OR: Fixed-effects model Test for subgroup difference

Study design p = 0.66

RCT OR, 0.47; 95% CI, 0.15–1.46; p = 0.19

NRS OR, 1.77; 95% CI, 0.10–30.71; p = 0.70

OS OR, 0.32; 95% CI, 0.02–6.80; p = 0.47

Covering (FS only)

Age group p = 0.78

Adult OR, 0.60; 95% CI, 0.15–2.31; p = 0.46

Pediatric OR, 0.45; 95% CI, 0.11–1.87; p = 0.27

Anastomotic Location p = 0.59

Esophagus OR, 0.42; 95% CI, 0.12–1.52; p = 0.19

Miscellaneous OR, 0.73; 95% CI, 0.16–3.46; p = 0.70

Indication for Surgery p = 0.74

Malignant Tumor (upper GIT) OR, 0.32; 95% CI, 0.02–6.8; p = 0.47

Miscellaneous OR, 0.56; 95% CI, 0.20–1.59; p = 0.28

RCT, randomized controlled trial; NRS, nonrandomized study; OS, observational study; FS, fibrin sealant; GIT, gastrointestinal tract.

Cira et al. Coating Intestinal Anastomoses—Leakage Prevention
patients undergoing surgery with the formation of an intestinal
anastomosis.

The meta-analyses found significant differences for postoperative
AL (Figure 2), reoperation rates (Figure 3), C-DMC (43)
(Figure 4), and length of hospitalization (Figure 5). However,
no significant differences between the studied groups were
Frontiers in Surgery | www.frontiersin.org 1354
found in the postoperative mortality rate, even after conducting
sensitivity and subgroup analyses (Figure 6 and Table 8).

A significant decrease in AL (Figure 2; Tables 4 and 5) and
reoperation rate (Figure 3; Table 6) was found for patients with
intestinal anastomoses covered either by collagen-based laminar
biomaterials or by fibrin sealants. Sensitivity analyses confirmed
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the stability of these results. Subgroup analyses did not find any
difference between the collagen-based laminar biomaterials and
fibrin sealants in regard to their protective action. Furthermore,
the outcomes remained significant regardless of the study
design, age group studied, location of anastomoses, or indication
of surgery. Postoperative major complications, according to the
Clavien–Dindo classification for surgical complications (43),
were shown to be significantly lower in the intervention group
than those in the control group. Since only two studies (50, 52)
reported complications categorized by this classification, no
sensitivity or subgroup analysis could be conducted (Figure 4).

The length of hospitalization appeared to be significantly
shorter for patients in the intervention group (Figure 5). These
results remained stable throughout sensitivity analyses, and
subgroup analyses did not find differences between subgroups
stratified by study design, intervention used, or age group.
However, a significant subgroup difference was observed for
subgroups stratified by the location of anastomoses and the
indication for surgery. In comparison to the control group,
patients in the intervention group presented with a significantly
shorter time of hospitalization if undergoing intestinal surgery
with esophagojejunal or gastrojejunal anastomoses or if the
indication for surgery was a malignant tumor, especially the
case with upper gastrointestinal malignancies (Table 7).

No difference between the intervention and control group
could be found in regard to postoperative mortality rates, even
after performing sensitivity and subgroup analyses (Figure 6;
Table 8). This outcome should be interpreted with caution, as
not all studies reporting AL also reported postoperative
mortality rates. To evaluate the effect of coating intestinal
anastomoses with collagen-based laminar biomaterials or
fibrin sealants on postoperative mortality rates, future studies
should allow a longer follow-up for their patients to ensure
postoperative mortality is not missed.

On the downside of the ambiguous outcomes presented in
different experimental animal studies (22–31, 33, 59, 60), fibrin
sealants have been utilized already in human trials, showing
positive effects. Sealing postoperatively occurring anastomotic
leaks of the upper and lower GIT with fibrin sealants
endoscopically has been conducted with successful therapeutic
outcomes (61–63). Endoscopic applications have shown to reduce
exudation from the leakage site, systemic inflammatory response,
and clinical symptoms of treated patients (61) and seem to serve
as an efficient and safe option to manage postoperative ALs (62).

Furthermore, a recently published systematic review reported
mainly positive effects on AL prevention and treatment upon
covering esophageal anastomoses with collagen-based laminar
biomaterials or fibrin sealants (64). Promising effects for
staple-line reinforcement with absorbable materials such as
fibrin sealants were reported as well for colorectal procedures
(65). In the case of bariatric surgical procedures, Chen et al. (66)
conducted a meta-analysis of six randomized controlled trials
examining the effect of staple-line and anastomotic reinforcement
with fibrin sealants on postoperative complications in morbidly
obese patients undergoing laparoscopic sleeve gastrectomy or
Roux-en-Y-gastric bypass. The authors demonstrated no
significant difference between the studied groups’ postoperative
Frontiers in Surgery | www.frontiersin.org 1455
AL rates. These results coincide with our findings after
conducting a subgroup analysis stratified by indication for
surgery. Still, precautions should be taken to compare the results
of our subgroup analysis with those of the previously conducted
meta-analysis (66), as our study excluded any surgical procedure
without the formation of an intestinal anastomosis.

Interestingly, Panda et al. conducted a cost analysis, evaluating
the differences in economic burden in regard to resource
expenses provided by the healthcare system upon covering
colorectal anastomoses with fibrin sealants. The authors
concluded that the application of fibrin sealants was not only
associated with decreased AL rates but also contributed to cost
savings of roughly 22% (using a potential model). These cost
savings originate mainly from the reduction in the length of
hospitalization due to postoperative reoperations, radiological
interventions, and/or transfusions (67). These findings
correlate with the observed outcomes of our investigation.

This study showed that coating intestinal anastomoses with
collagen-based laminar biomaterials or fibrin sealants resulted
in significantly reduced postoperative AL, reoperation, C-DMC
rates, and shorter length of hospitalization; nevertheless, there is
still room for improvement. A large proportion of postoperative
anastomotic leaks is associated with anastomotic infections (68).
In a recent study, Anderson et al. (68) investigated cultures of
19 patients with AL and found 74% of these patients’ leaks to
be colonized with collagenase-producing microorganisms.
Furthermore, the authors found the presence of Enterococcus
faecalis to be significantly associated with the development of
AL (68). In the physiology of anastomotic wound healing, the
risk of wound failure corresponds to the activity of collagenases
(69). As collagen deposition plays a crucial role in adequate
anastomotic healing (70), an infection of the anastomosis leads
to collagenase enzyme activities exceeding the physiological
levels needed for proper wound healing, contributing to
anastomotic failure (69, 71). Furthermore, such infections could
potentially compromise the functionality of anastomotic coatings
with collagen-based laminar biomaterials due to the destructive
effect of these microorganisms’ collagenases on the biomaterial’s
basic framework. To assure the complete functionality of these
adhesive biomaterials and adequate anastomotic healing,
infections should be prevented. If sealants would contain both the
healing supporting collagen fibrils and antimicrobial substances,
effectively protecting the anastomoses and the adhesives from
collagenase-producing microorganisms, theoretically, a much
higher effect for further reducing postoperative anastomotic
complications could be expected.

The results of our analysis have limitations that need to be
addressed. The included studies presented with variable study
designs and years of publication (1996–2021) and were of
moderate quality in most cases. We decided to include studies
older than 15 years (34, 37, 39, 40) in our analysis as their
interventions are comparable to interventions of studies
conducted in the following years and the adhesive
biomaterials used correspond to those used in more recent
studies. Different types and materials of sealants were
compared among patients with different characteristics, such
as different age groups and surgical indications, which could
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have introduced potential biases to our analysis. We addressed
this limitation by performing thorough subgroup analyses
stratified by these potential confounding factors and
investigating the stability of our results by conducting
sensitivity analyses, regardless of the observed heterogeneity.
Additional sources of potential bias were the possible lack of
adequate blinding since none of the five RCTs (34, 39, 40, 55,
56) and three NRSs (37, 38, 58) commented on the outcome
assessor’s awareness of intervention, and the potential
influence the manufacturer of the adhesive biomaterials used
might have had by funding the study. We carefully examined
the funding situations with regard to each included study and
have come to the conclusion that the manufacturer—to our
knowledge—did not present a funding role in any of the
included studies nor was an author mentioned to be a
representative for the manufacturer. Furthermore, our analysis
did not evaluate the effect of coating other types of
anastomoses commonly performed in abdominal surgery, such
as pancreaticointestinal or biliodigestive anastomoses. Since
these types of anastomoses present distinct differences in
surgical techniques and specific risks for AL and its associated
morbidities, we excluded all types of anastomoses other than
intestinal anastomoses of the upper and lower GIT. The risk of
biasing the results of our study’s observed outcomes would have
been potentiated by including these types of anastomoses in our
study. Therefore, we did not evaluate these kinds of effects in
the present analysis but would recommend analyzing the effects
of coating other types of anastomoses commonly performed in
abdominal surgery on postoperative complications separately in
a further systematic review and meta-analysis in the future.

However, the strength of this study is its uniqueness since this
is the first systematic review with a meta-analysis investigating the
efficacy of coating intestinal anastomoses with the most
commonly utilized absorbable adhesives (20, 21) in reducing
postoperative AL rates and its accompanying sequelae.

The outcomes of this systematic review and meta-analysis
present some clinical implications and justify the need for
future research to consolidate our findings. Furthermore,
larger RCTs examining the effects of the studied adhesives in
the context of different surgical indications and patient groups
need to be conducted. One could ask why coating of intestinal
anastomoses with collagen-based laminar biomaterials and/or
fibrin sealants has yet not been established in everyday clinical
practice. Possible reasons could be the difficult and user-
unfriendly application form resulting in additional time
expenditure or the low adhesive strength of these biomaterials
on intestinal surfaces. Since these adhesive biomaterials have
shown significant efficacy in reducing postoperative morbidity
after intestinal surgery, future research and innovative
developments should address these unfavorable factors.

In conclusion, current evidence suggests that covering
intestinal anastomoses with either collagen-based laminar
biomaterials or fibrin sealants significantly reduces postoperative
rates of AL, reoperation, and C-DMC. Furthermore, with these
adhesives, a significant reduction in the length of hospitalization
can be observed, especially for patients undergoing surgery for
an upper gastrointestinal malignancy. Still, the risk of
Frontiers in Surgery | www.frontiersin.org 1556
anastomotic and potential adhesive failure associated with
anastomotic infection should be addressed, by investigating
the efficacy of antimicrobial collagen-based sealants, for
protecting intestinal anastomoses from the deleterious effect of
collagenase-producing microorganisms. To consolidate our
findings, there is a need for further large RCTs examining the
effects of coating intestinal anastomoses with the studied
adhesives on postoperative leakage. Aside from that, the effect
of coating other types of anastomoses commonly performed
in abdominal surgery on postoperative complications should
be investigated in future studies. Finally, a simple and user-
friendly application form of a somewhat stronger adhesive
collagen-based laminar biomaterial and/or fibrin sealant
should be developed to establish the possibility of routine use
in surgical practice.
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Background: Endoscopic vacuum therapy (EVT) is an evidence-based option to treat
anastomotic leakages of the upper gastrointestinal (GI) tract, but the technical
challenges and clinical outcomes of patients with large defects remain poorly described.
Methods: All patients with leakages of the upper GI tract that were treated with
endoscopic negative pressure therapy at our institution from 2012–2021 were
analyzed. Patients with large defects (>30 mm) as an indicator of complex treatment
were compared to patients with smaller defects (control group).
Results: Ninety-two patients with postoperative anastomotic or staplerline leakages were
identified, of whom 20 (21.7%) had large defects. Compared to the control group, these
patients required prolonged therapy (42 vs. 14 days, p < 0.001) and hospital stay (63 vs.
26 days, p < 0.001) and developed significantly more septic complications (40 vs. 17.6%,
p = 0.027.) which often necessitated additional endoscopic and/or surgical/interventional
treatments (45 vs. 17.4%, p = 0.007.) Nevertheless, a resolution of leakages was
achieved in 80% of patients with large defects, which was similar compared to the
control group (p = 0.42). Multiple leakages, especially on the opposite side, along with
other local unfavorable conditions, such as foreign material mass, limited access to the
defect or extensive necrosis occurred significantly more often in cases with large
defects (p < 0.001).
Conclusions: Overall, our study confirms that EVT for leakages even from large defects of
the upper GI tract is feasible in most cases but comes with significant technical challenges.

Keywords: anastomotic leakage, endoluminal, vacuum-assisted closure, negative pressure, endoscopic

INTRODUCTION

There is a growing body of evidence showing the remarkable efficacy of endoscopic vacuum
therapy (1) to prevent (2–5) or treat (6, 7) anastomotic leakages of the upper GI tract. Overall,
EVT has success rates of up to 90% in large meta-analyses (1) and prevents the need for
difficult salvage operations that often necessitate demanding secondary reconstructions of the
1 2022 | Volume 9 | Article 88524459
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alimentary tract. Thus, EVT has evolved from an experimental
procedure to an evidence-based option of choice to treat
anastomotic leakages of the upper GI tract in the majority of
cases (1). However, the successful application of EVT may
come with a significant learning curve (Reimer et al.)
associated with various technical challenges and limitations
(8), especially in difficult cases. In the present study, we
systematically analyzed our prospectively collected database
containing detailed information on patients undergoing EVT
treatment focusing on patients with large defects (>30 mm)
which we considered as a marker for case severity. We then
summarize in detail how we overcame the technical challenges
we encountered during EVT treatment.
TABLE 1 | Patient and leakage characteristics.

Characteristic Patients, No. (%)

Large defects
(n = 20)

Control
(n = 72)

p value

Sex ratio, No. (M:F) 13:7 59:33 .94

Age, mean (SD), y 60.7 (8.8) 58.8 (14.1) .57

BMI, mean (SD), kg/m2 27.8 (5.5) 28.3 (9.5) .80

Charlson comorbidity index,
mean (SD)

3.8 (2.3) 4.2 (2.5) .52

ASA classification ≥III 14 (70.0) 62 (67.4) .82

Neoadjuvant therapy 7 (35.0) 44 (47.8) .19

Oncological surgery 9 (56.3) 49 (63.6) .58

UGI surgery 7 (43.8) 28 (36.4)

Type of leakage

Esophago-gastrostomy 8 (40.0) 33 (35.9) .34

Esophago-jejunostomy 2 (10.0) 28 (30.4)

Gastro-jejunostomy 5 (25.0) 17 (18.5)

Other 5 (25.0) 14 (15.2)

Interval from surgery to diagnosis
of leakage, mean (95%CI), d

8.8 (4–22) 11.5 (2–31) .27

Initial leakage diameter, mean
(95%CI), mm

24.5 (17.7–31.2) 7.4 (6.2–8.6) <.001

Values are n (%) unless otherwise indicated.
UGI, upper gastrointestinal tract; SD, standard deviation; 95%CI, 95% confidence
interval.
MATERIALS AND METHODS

All consecutive patients with leakages of the upper GI tract that
were treated with endoscopic negative pressure therapy at our
visceral medical center at the University Hospital Wuerzburg,
Germany from 2012–2021 were included in this study.
Approval was obtained from the local ethics review board
(Ethics committee, Würzburg University).

Study Design and Ethics
For the analysis, all patients with anastomotic or stapler line
leakages were included. Patients with large defects (>30 mm)
as an indicator of complex treatment were compared to
patients with smaller defects (control group). The technical
challenges and the evolution of solution being employed were
identified, categorized and described in detail.

Endoscopic Vacuum Therapy
This technique requires a flexible endoscope to place an open-
pored polyurethane sponge into the cavity behind the leak
(intracavitary) or within the intestinal lumen (intraluminal)
(9). The sponge was connected by a nasogastric tube to a
negative pressure system. An intracavitary sponge was usually
adopted for accessible extraluminal cavities; an intraluminal
sponge was generally preferred for defects with diffuse local
inflammation or shallow cavities. The sponge was changed
regularly every 3–4 days (10). Endoscopic vacuum therapy was
terminated when stable granulation tissue was present with no
signs of necrosis or leakage.

The vast majority of reported EVT applications at our center
was carried out with modified commercially available open-pore
polyurethane foam drains that are approved as medical devices
for treatment of the esophagus and rectum (EndoSPONGE® and
EsoSPONGE®, both B. Braun Melsungen AG, Melsungen,
Germany). The modification included removal of the sponge
from the original draining tube at the proximal end. The
sponge was then carefully cleaned and attached to a 14F
gastric tube with 10 perforations on both sides over a length
of 6 cm (Vygon, Ecouen, France) with several stitches. A 16F
tube was used to drain particularly viscous mucus and a 12F
probe was used for angled approaches, smaller cavities, less
compliant patients and duodenal lesions. The tip of the tube
Frontiers in Surgery | www.frontiersin.org 260
was snipped off after the sponge was attached to the probe
and about 5–7 mm was pulled back into the sponge so that
the sponge tip was soft. For localized tissue defects, care was
taken to ensure that the suction effect was focused on the
defect so that it closed and did not spread to surrounding
tissue for avoidance of stricture formation. In our experience,
the number and arrangement of the holes on the gastric tube
should be limited and restricted to the area carrying the
sponge. Therefore, the tube was shortened and additional
holes were created on the probe using pliers when necessary
(Knipex-Werk C. Gustav Putsch KG, Wuppertal Germany).
EndoSPONGE® was used mainly during the first period. In
total, <5% of treatments required a sponge longer than 5 cm
(V.A.C. Granufoam Dresssing, 3 M, San Antonio, USA or
Invia Foam Dressing, Medela, Baar, Switzerland were used).

Foreign body forceps (Rat Tooth Forceps, Endo-Flex GmbH,
Voerde, Germany) were applied for endoscopic sponge
placement. Standard biopsy forceps and foreign body forceps
(Radial Jaw 4, standard capacity, Radial Jaw 4, Jumbo, Boston
Scientific, Marlborough, USA and Rat Tooth Forceps, Endo-
Flex GmbH, Voerde, Germany) were used for necrosectomy
and cleaning the defect margins. In addition, an over-the-
scope grasper (OTSG, Xcavator, Ovesco AG, Germany) was
occasionally used if extended necrosectomy was necessary. A
biliary cytology brush (Cytomax II double lumen, cytology
brush, Cook medical, Bloomington, USA) was used to refresh
the fistula opening and canal if necessary.
2022 | Volume 9 | Article 885244
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Statistical Analysis
All statistical analyses were performed using IBM SPSS Statistics
26 (International Business Machines Corporation, Armonk, NY).
Descriptive data are reported as means with standard deviations,
unless otherwise stated. Comparisons between the analyzed
cohorts were performed using chi-square, Fisher’s exact, Mann–
Whitney U-tests or one-way analysis of variance, in accordance
with data scale and distribution. The time-intervals were
compared by Kaplan-Meier analysis with log rank test. The
level of statistical significance was 0.05 (two-sided).
TABLE 2 | Endoscopic leakage therapy and outcome.

Characteristic Patients, No. (%)

Large defects
(n = 20)

Control
(n = 72)

p value

Duration of leakage therapy,
median (quartiles), d

42 (32–54) 14 (8–25) <.001

Sponge changes, median
(quartiles)

12 (10–16) 4 (2–6) <.001

Challenging endoscopic situations
RESULTS

Out of 170 patients with EVT for leakages of the upper GI tract
including several entities, 92 patients with a postoperative
anastomotic or staplerline leakage were identified. Of those, 20
patients (anastomotic leak n = 16 and staplerline leak n = 4)
with large defects (>30 mm) were detected and compared to
patients with smaller defects (n = 72). Baseline characteristics
are summarized in Table 1.

Baseline characteristics including age, gender, comorbidities,
entity and side of the leakage did not differ between both
groups. Patients with a large defect size of the leakage (with
an estimated size of over 30 mm or half of the anastomotic
circumference, respectively) had prolonged treatment duration
FIGURE 1 | Impact of large defects on recovery. (A) Duration of leakage
therapy. (B) Length-of-hospitalization.
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(Figure 1). Treatment outcomes are summarized in Table 2.
Patients with larger defect sizes required prolonged therapy
and, consequently, experienced extended hospital stay.
Compared to the control group, they developed significantly
more septic complications and more often required additional
endoscopic and/or surgical/interventional treatments.
Nevertheless, leakages resolved in 80% of patients with large
defects compared to 90% of patients in the control group,
which was not significantly different.

Challenging Endoscopic Situations and
Proposed Solutions
Table 3 summarizes the main technical challenges associated with
EVT and the proposed solutions. Multiple leakages, especially on
Leakage with >1 defect 10 (50) 5 (5.4) <.001

Foreign material within leakage 10 (50) 2 (2.2) <.001

Limited endoscopic access to
leakage

10 (50) 3 (3.3) <.001

Extensive necrosis 12 (60) 6 (6.5) <.001

Additional Procedures during EVT

Any reoperation 10 (50) 24 (26.1) .035

Percutaneous abscess
drainage

8 (40) 15 (16.3) .017

Complications during EVT

Recurrent sepsis 8 (40) 16 (17.6) .027

Stenosis/ stricture 4 (20) 12 (13) .48

Efficacy of EVT

Improvement of leakage 18 (90) 82 (89.1) .91

Resolution of leakage 16 (80) 80 (87.0) .42

Resolution without additional
procedures during or after EVT

9 (45) 63 (68.5) .047

Failure-to-curea 3 (15) 10 (10.9) .61

Additional Procedures after EVT 9 (45) 16 (17.4) .007

Endoscopic clip 4 (20) 12 (13.0) .42

SEMS 5 (25) 4 (4.4) .002

In-hospital mortality 2 (10) 6 (6.5) .58

Length-of-stay, median
(quartiles), d

63 (45–104) 26 (18–45) <.001

Oral nutrition on discharge 14 (70) 70 (76.1) .57

Values are n (%) unless otherwise indicated.
EVT, endoscopic vacuum therapy; 95%CI, 95% confidence interval; SEMS, self-
expanding metal stent.
aConversion to surgical therapy due to deteriorating leakage during EVT or death.
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TABLE 3 | Challenging endoscopic situations and proposed solutions.

Technical challenges Problem Proposed solution

Leaks with more than one (deep) defect Intraluminal EVT may be ineffective to
sufficiently drain deep defects

Intracavital sponge placement by applying two or more sponge systems

Foreign material mass Foreign material may preclude sufficient
suction and/or collapse of the defect

Extracting foreign material whenever possible

Limited access to the leak/defect (small
caliber, tissue bridges, deep cannels)

Inefficient suction/drainage of the defect Optimizing access to the defect (e.g., by tissue dissection, pneumatic
dilatation (11), creation of alterative routes (e.g., stoma formation, (12))

Extensive necrosis at leak/defect site EVT induced tissue granulation needs vital
tissue

Early and extensive necrosectomy

FIGURE 2 | (A–D) Usage of two independent sponge systems in a case with two large defects of the oseophagojejunostomy (Merendino Procedure) and results.
Initial endoscopy showed an evident anastomotic leakage between 02:00 and 05:00 and between 08:00 and 11:00. After extensive necrosectomy on both leakages
(A), two separate sponge systems were inserted into both insufficiency cavities (B). In order to accelerate further healing and to minimize the risk of fistula formation,
the healed leakage cavities were gathered using mini OTSC, 8 mm (C) and an intraluminal sponge was inserted. Re-endoscopy of the anastomotic region after 14
days (D). OTSC is completely grown into the wall. Anastomosis is largely free of irritation.

Reimer et al. Endoscopic Management of Large Leakages
the opposite side, along with other local unfavorable conditions,
such as foreign material mass, limited access to the defect or
extensive necrosis was found significantly more often in cases
with large defects (85% vs. 14.1%, p < 0.001, Table 2).
Frontiers in Surgery | www.frontiersin.org 462
Within this group the majority of patients even showed
multiple endoscopic difficulties (75% vs. 3.3%, p < 0.001). We
found an association of the number of challenging endoscopic
situations and the median duration of EVT (none: 12 days,
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FIGURE 3 | (A–F) Creation of an optimal access route to the leakage defect in a patient after sleeve gastrectomy. Endoscopic pictures of a female patient with a
chronic large defect of the proximal stapler line after sleeve gastrectomy transferred to our institution for complication management. Initial endoscopy found a 40 ×
15 mm long EVT sponge in an approx. 12 cm long and 15mm wide paragastral defect. A gastric tube was placed intraluminary of the sleeve stomach (A). In the area
of the defect ground, no suction marks but necrosis and fibrin deposits were detected (B). Necrosis and fibrin were removed using forceps and a brush. In a further
step, in order to enable wide endoscopic access to the defect ground the canal was opened towards the gastric tube using a clutch cutter (Fjuifilm). (C,D) After further
EVT (E), a gastric tube with a continuous lumen of approx. 4 cm is found. The approximately 12 cm long former defect canal is completely epithelialized in the proximal
half and almost completely epithelialized in the distal area (F).

Reimer et al. Endoscopic Management of Large Leakages
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FIGURE 4 | (A–F) exemplary presentation of foreign material at the anastomotic leak site. Leak of the oesophagogastrostomy after minimally invasive Ivor Lewis
surgery. Detectable vessel clip on the azygos vein (A). Removal of vessel clips using forceps (B). Leakage of the esophagus after revisional hiatal surgery with
mesh augmented hiatoplasty (C, E). Partial repositioning (D) and status after thermal destruction of the intraluminal mesh portion by argon plasma coagulation (F).

Reimer et al. Endoscopic Management of Large Leakages
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FIGURE 5 | (A–D) Endoluminal view of an esophageal defect with tissue necrosis. Initial necrosis (A, C) and condition after necrosectomy (B, D). It can be seen after
necrosectomy that the transmural portion of necrosis is smaller than initially assumed.

Reimer et al. Endoscopic Management of Large Leakages
1 difficulty: 27 days, >2 difficulties: 42 days, p < 0.001).For these
problems, several solutions were identified and successfully
applied in our patients. Figures 2–5 demonstrate the endoscopic
management of these challenging endoscopic situations.
DISCUSSION

Surgical options available for the management of complex
leakages of the upper GI tract are limited and usually contain a
high risk of morbidity and mortality (10). Our results confirm
previous findings on the effectiveness of EVT for treating
anastomotic and suture-line leakages of the upper GI tract (1).

In this study, we focused on the technical challenges and
clinical outcomes of patients with large defects. We found that
endoscopic management of large leakages after upper GI
surgery is feasible but contains technical challenges which
need to be mastered to achieve good results.

Interestingly, baseline patient characteristics of the group
with larger defects were not different to the control group
Frontiers in Surgery | www.frontiersin.org 765
with smaller leakages. While consistent risk factors for the
development of an anastomotic or stapler line have been
reported (13), our data does not provide further insights on
which patients may develop larger defects leading to a more
challenging course. Larger defects may have occurred due to
insufficient perfusion of the anastomotic region, even though
mucosal signs of ischemia during endoscopic treatment were
not detected. Combined hyperspectral imaging (HIS) or
florescence Imaging (FI) with indocyanine green (ICG) were
not routinely performed but could provide further insights in
the future.

It could also be possible that a delayed start or initially
insufficient treatment of the leakage may have contributed to
a larger defect size (14) as some of the patients treated at our
tertiary hospital underwent surgery elsewhere and were
transferred for leakage management during the later course.

We previously showed that experience with EVT in
conjunction with adjustments in institutional factors, patient
management and technical details positively impact on its
overall efficacy (Reimer et al). Given the remarkable success
2022 | Volume 9 | Article 885244
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rates of EVT, it seems reasonable to implement this promising
technique for more complex cases.

The successful treatment of large defects contains some
technical challenges which frequently occur during treatment.
Of note, it is not unusual that the initial defect size increases
during early treatment.

If a leakage with more than one deep defect with spatial
distance to each other occurs, we recommend the usage of
more than one sponge system so that an intracavital placement
is possible to sufficiently drain all defects. Foreign material may
preclude sufficient suction and the collapse of the defect and
should therefore be removed. Extensive necrosis at the
anastomotic leakage site should also be removed as early as
possible since EVT induced tissue granulation needs healthy
tissue (15). If access to endoscopic treatment is limited, several
options can be considered including tissue dissection, dilatation
or creation of alternative routes (11, 12). When these principles
are applied, there are only very few conditions where an EVT
does not provide good outcomes.

Whenever a difficult leakage is treated by EVT, it is extremely
important to evaluate carefully and constantly both, the local leak
situation but, more importantly, the patient’s systemic condition.
An interdisciplinary board of experienced gastroenterologists
and visceral surgeons should consider alternative endoscopic or
surgical treatment options whenever necessary (8, 16).

Our results show that patients with larger defect sizes needed
prolonged therapy. Compared to the control group, they
developed significantly more septic complications and required
more often additional endoscopic and/or surgical/interventional
treatment. However, also in this cohort a resolution of the
leakage was achieved in 80%, with an improvement in 90% of
patients, respectively. Thus, neither the success nor the
mortality rates were different compared to the control group.

This is to our knowledge is the first study comparing patients
with large defects to patients with small anastomotic leakages. A
limitation may be the small number of patients with large
leakages. Nevertheless, this is one of the largest prospectively
collected databases focusing on EVT treatment for more than
Frontiers in Surgery | www.frontiersin.org 866
10 years. Due to the small number, we may have missed the
opportunity to detect some other potential differences with
the control group because of statistical power. Additionally, it
is difficult to systematically categorize all of the technical
challenges which may occur during EVT treatment either
alone or even in combination.

In summary, our study confirms that EVT for leakages even
with large defects in the upper GI tract is successful in the vast
majority of cases but contains some technical challenges which
need to be addressed.
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Krankenhaus Agatharied GmbH, Hausham, Germany

Objective: Anastomotic leakage, surgical site infections, and other infectious
complications are still common complications in gastrointestinal surgery. The concept
of perioperative antibiotic bowel decontamination demonstrates beneficial effects in
single randomized controlled trials (RCTs), but data from routine clinical use are still
sparse. Our aim was to analyze the data from the routine clinical use of perioperative
antibiotic bowel decontamination in gastrointestinal surgery.
Methods: Based on 20 years’ experience, we performed a retrospective analysis of all
cases in oncologic gastrointestinal surgery with the use of antibiotic bowel
decontamination in gastric, sigmoid, and rectal cancer. Clinical data and perioperative
outcomes were analyzed, especially regarding anastomotic leakage, surgical site
infections, and other infectious complications.
Results: A total of n = 477 cases of gastrointestinal surgery in gastric cancer (n = 80),
sigmoid cancer (n = 168), and rectal cancer (n = 229) using a perioperative regimen of
antibiotic bowel decontamination could be included in this analysis. Overall,
anastomotic leakage occurred in 4.4% (2.5% gastric cancer, 3.0% sigmoid cancer,
6.1% rectal cancer) and surgical site infections in 9.6% (6.3% gastric cancer, 9.5%
sigmoid cancer, 10.9% rectal cancer). The incidence of all infectious complications
was 13.6% (12.5% gastric cancer, 11.3% sigmoid cancer, 15.7% rectal cancer).
Mortality was low, with an overall rate of 1.1% (1.3% gastric cancer, 1.8% sigmoid
cancer, 0.4% rectal cancer). Antibiotic decontamination was completed in 98.5%. No
adverse effects of antibiotic bowel decontamination could be observed.
Conclusion: Overall, in this large cohort, we can report low rates of surgery-related serious
morbidity and mortality when perioperative antibiotic bowel decontamination is performed.
The rates are lower than other clinical reports. In our clinical experience, the use of
perioperative antibiotic bowel decontamination appears to improve patient safety and
surgical outcomes during gastrointestinal oncologic procedures in a routine clinical setting.

Keywords: antibiotic bowel decontamination, gastrointestinal surgery, anastomotic leakage, SDD, colorectal
cancer, gastric cancer
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INTRODUCTION

Digestive tract surgery is associated with high rates of surgical
site infections (SSIs) as well as other infectious complications
(1–5) and major elevation of treatment costs (6). The rate is
the highest in colorectal cancer surgery, where infectious
complications affect up to 26% of patients (7–9). The most
severe complication of digestive tract surgery however is
anastomotic leakage (AL), with an incidence in colorectal
resections ranging from 5% to 15% and an associated
mortality rate of 6%–30% (10–13). The leakage rate of
esophagojejunal anastomosis following total gastrectomy is
reported to be between 4% and 15% in recent literature (14–16),
and the mortality in case of AL reaches up to 60% (17). AL of
upper and lower gastrointestinal tract surgery not only causes
morbidity and postoperative mortality but also impairs long-
term cancer survival (2, 18–21).

While the role of bacteria in the development of SSI is
unquestioned, their role in the pathogenesis of AL is not well
accepted (10, 22–24). Today however there is experimental
and clinical evidence, indicating that microbiota is directly
involved in the pathogenesis of intestinal AL (10, 23, 25, 26).
In 1994, Schardey demonstrated that deliberate postoperative
contamination of esophagointestinal anastomoses with virulent
Pseudomonas aeruginosa in rats resulted in AL rates of 95% (24).
A topical application of nonresorbable antibiotics administered
perioperatively until the 10th postoperative day reduced bacterial
counts by 95%, and no AL occurred (24). He modified the
selective decontamination of the digestive tract regimen (SDD),
originally reported by Stoutenbeek et al. for the prevention of
pneumonia in ventilated patients, adding vancomycin for double
antibiotic coverage of relevant germs (27).

In a clinical multicenter randomized controlled trial (RCT),
for the first time, Schardey demonstrated a significant
reduction of AL in patients using the modified SDD regimen
in patients with total gastrectomy for topical decontamination
in gastric cancer surgery (28). It is also noteworthy that the
number of postoperative pneumonia decreased significantly,
and treatment costs were reduced by about 20% (28, 29). In a
further clinical RCT, this modified SDD regimen was used in
patients undergoing (low) anterior resection for rectal cancer
(30). There was a significant reduction of AL in treatment
compared to the control group, with a cost reduction in the
treatment group of up to 37% (30).

Nevertheless, the use of bowel decontamination in
gastrointestinal surgery is not widespread in Europe or United
States (31–33), despite reliable data are available from prospective
studies, meta-analyses, and large clinical registry cohorts (34, 35).
Currently, several randomized trials have recently been published
on the role of perioperative antibiotic bowel decontamination in
colorectal surgery to prevent SSI, AL, and other infectious
complications (9, 36, 37). However, only sparse data from the
routine clinical use of decontamination in gastrointestinal surgery
are available at present. Furthermore, there are other concepts in
which antibiotic bowel decontamination is performed only
preoperatively with or without combination with mechanical
bowel preparation (38).
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Based on the work by Schardey et al., there is 20 years’
experience in the routine use of antibiotic decontamination in
nearly all patients undergoing gastric or colorectal surgery
with primary anastomosis (28, 30, 39, 40). Especially patients
with intestinal anastomoses to the esophagus, rectum, and
anus have a higher risk for AL compared to other
localizations in the gastrointestinal tract (10, 13, 28). The aim
of this work is to analyze the routine clinical use of
decontamination in surgery for gastric and colorectal cancer
(CRC) concerning AL, SSI, and possible side effects over the
available 20 years’ period in a single center.
MATERIALS AND METHODS

Study Design
We designed a single-center retrospective cohort study
including patients who received the preoperative and
postoperative (modified) SDD regimen in upper and lower GI
cancer surgery between 1999 and 2020 (on treatment) in an
academic teaching hospital. The study was approved by the
local review board (19-621 and 22-0013).

All elective procedures of gastric cancer surgery and of lower
GI surgery for sigmoid and rectal cancer were analyzed. The
hospital’s electronic database was used to identify all patients
undergoing gastrectomy for gastric cancer as well as a sigmoid
or rectal resection for CRC with primary anastomosis. In
colorectal cancer surgery, cases without primary anastomosis
(Hartmann procedure) or abdomino-perineal rectal amputations
were excluded from the analysis. Overall, n = 477 cases met the
selection criteria and received perioperative antibiotic bowel
decontamination (SDD), with n = 80 cases of gastric, n = 168
cases of sigmoid, and n = 229 cases of rectal cancer.

Antibiotic Decontamination (SDD) Regimen
An SDD regimen consisting of polymyxin B (100 mg),
gentamicin (80 mg), and amphotericin B (500 mg) in sigmoid
resections and a modified SDD regimen with additional use of
vancomycin (125 mg) in gastric and rectal cancer surgery
(PTVA) were used as previously described (28, 30). Patients
without any perioperative SDD treatment were excluded from
analysis (on treatment). The medication was administered four
times daily. Amphotericin B was administered 30 min after
the antibiotics. SDD application was usually started in the
evening before surgery and continued every 6 h until the 7th
postoperative day. For patients undergoing gastrectomy, the
antimicrobial agents were dissolved in distilled water and
administered as a solution per os (28). Patients with surgery
for sigmoid or rectal cancer took these antibiotics as capsules
per os (40). If a diverting stoma was created, an unblocked
Foley catheter was placed transanally after the creation of the
anastomosis, and antibiotics were then applied topically via
the catheter dissolved in distilled water (30). The compliance
of application as well as the completeness of decontamination
regimen was controlled by evaluation of all patient files. All
patients undergoing rectal cancer surgery received additional
mechanical bowel preparation; the patient with sigmoid cancer
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had mild laxative therapy only. Gastric cancer patients received
no additional bowel preparation.

Rectal cancer surgery was performed according to current
technical standards, especially the total mesorectal excision
(TME) technique was used for all low anterior rectal
resections. Circular double-row staplers (Ethicon Circular
Stapler, Ethicon Endo-Surgery, Johnson and Johnson, USA)
were used for anastomoses in different sizes in gastric,
sigmoid, and rectal cancer surgery. Intraoperative routine leak
testing with a methylene blue solution was performed in every
case. The extent of resection in gastric cancer patients
depended on preoperative pathhistologic report and
localization of the tumor according to medical evidence and
national guidelines (41, 42). In all cases, a D2
lymphadenectomy was performed (43).

Outcome Measures
Perioperative data (extent and type of surgery: subtotal/total/
transhiatal extended gastrectomy, sigmoid resection, (low)
anterior rectal resection [(L)AR] and multivisceral resection,
use of minimally invasive surgery (MIC), TNM stage and
UICC classification, all perioperative 30 day complications like
infectious complications (AL, SSIs, urinary tract or pulmonary
infections), and general complications (myocardial infarction,
stroke, mortality)) were documented as well as other
demographic data. The Charlson comorbidity index was
calculated for all patients (44). Perioperative complications
were classified according to the Clavien–Dindo classification
(45), and additionally, the Clavien–Dindo comprehensive
complication index (CCI) was calculated (46). Laboratory
values such as white blood cell count and C-reactive protein
(CRP) were assessed perioperatively. Potential adverse events
associated with the SDD/PTVA regimen were also examined.
Multivisceral resection was defined as additional resection of
the small bowel, liver, or urogenital tract.

As previously described (39), AL was defined and classified
according to the recommendation of the International Study
Group for Rectal Cancer (47). AL was usually diagnosed by
endoscopy, CT scan, or relaparotomy. Due to the retrospective
design, only cases with clinically apparent AL could be included.

The primary endpoint is the rate of AL. Secondary endpoints
are rates of surgical site infections (SSIs), infectious
complications, overall morbidity and mortality, and adverse
events related to the SDD/PTVA regimen.

Statistical Analysis
For statistical analysis, SPSS 28 (IBM) and Graph Pad Prism V7
(V7 (GraphPad Software, Inc.)) were used. We performed a
descriptive evaluation of perioperative outcome since no
comparison of groups was possible as all patients received
SDD treatment. Comparative analysis of patients with or
without above-mentioned complications was carried out. A
correlation of the Charlson comorbidity index and other risk
factors with perioperative outcome was performed and an
ROC analysis of laboratory parameters with regard to infectious
complications. Patient characteristics and perioperative data
were summarized using descriptive statistics and calculation of
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mean values. For comparison between different groups, we
used the Mann–Whitney U-test (MW) for non-normally
distributed values and Student’s t-test for normally distributed
values. The normal distribution of mean differences was tested
with the Kolmogorov–Smirnov test. Fisher’s exact and χ2 tests
were used to compare data between subgroups involving
nominal or categorical data. p values <0.05 were considered
statistically significant.
RESULTS

Patient Characteristics
In total, 477 surgical procedures with primary anastomosis and
perioperative SDD treatment were included. Patients’
characteristics are summarized in Table 1.

Most of the patients underwent surgery for CRC (sigmoid
cancer n = 168, rectal cancer n = 229), and most often LAR
(39.1%; n = 187), sigmoid resection (32.8%; n = 156) and AR
(11.3%; n = 54) were performed. In patients with gastric
cancer (n = 80), total gastrectomy (55%; n = 44) and partial
gastrectomy (45%; n = 36) were performed. In surgery for
gastric cancer, all procedures were carried out using the
conventional open technique, whereas in 44% (n = 74) of
patients undergoing surgery for sigmoid cancer and in 18.3%
(n = 42) of patients with rectal cancer, the procedures were
performed using the minimal invasive surgical technique (MIC).
Multivisceral resection was necessary in approximately 15%–
20% of procedures independent of underlaying disease (Table 1).

CRC
Patients with CRC had a mean age of 67.9 ± 11.2 years and
67.8 ± 10.7 years for sigmoid and rectal cancer, respectively.
The mean Charlson comorbidity index for patients with
sigmoid cancer was 6.0 ± 2.4 and that for rectal cancer was
5.8 ± 2.4. Patients with sigmoid cancer were mostly classified
as UICC III-IV with 51.8% of cases (n = 87) and 47.0% of
cases UICC I-II (n = 79). In rectal cancer patients, 53.9% were
classified as UICC (y0)I-II (n = 130) and 41.1% were classified
as UICC III-IV (n = 99) (Table 1). Decontamination was
completed in n = 165 (98.2%) cases in sigmoid and n = 227
(99.1%) cases in rectal cancer patients.

Gastric Cancer
For gastric cancer, patients were slightly older, with a mean age
of 71.6 ± 10.4 years. The mean Charlson comorbidity index for
patients with gastric cancer was 6.2 ± 2.3. The majority of
patients with gastric cancer were classified UIC I-II in 67.5%
(n = 54) and UICC III-IV in 32.5% (n = 26) (Table 1). The
decontamination regimen was complete in n = 78 (97.5%) of
gastric cancer patients and not completed in n = 2 cases (2.5%).

Perioperative Outcome
Outcome parameters are summarized in Table 2 (separated for
diagnosis) and Table 3 (separated for surgical procedures). The
CCI was the highest with a mean of 17.06 ± 17.65 for gastric
cancer, with 23.75% major morbidity Clavien–Dindo IIIa–V
(n = 19). In 35% (n = 28), no complications were reported, and
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TABLE 1 | Demographic and descriptive information about the patients’ cohort.

Gastric cancer N (%) Sigmoid cancer N (%) Rectal cancer N (%)

N 80 168 229

Sex, female/male 43/37 91/77 92/137

Age (mean ± SD) 71.6 ± 10.4 67.9 ± 11.2 67.8 ± 18.8

MIC 0 74 (44.0) 42 (18.3)

UICC 0 1 (1.3) 2 (1.2) 13 (5.7)
I(a) 26 (32.5) 40 (23.8) 60 (26.2)
Ib 11 (13.8)
IIa 12 (15.0) 38 (22.6) 55 (24.0)
IIb 4 (5.0) 1 (0.6) 2 (0.9)
IIIa 3 (3.8) 6 (3.6) 10 (4.4)
IIIb 7 (8.8) 30 (17.9) 32 (14.0)
IIIc 3 (3.8) 17 (10.1) 18 (7.9)
IV 13 (16.3) 34 (20.2) 39 (17)

Mean Charlson comorbidity
index (mean ± SD)

6.2 ± 2.3 6.0 ± 2.4 5.8 ± 2.4

Decontamination completed 78 (97.5%) 165 (98.2%) 227 (99,1%)

Multivisceral resection 17 (21.3%) 33 (19.6%) 34 (14.8%)

TABLE 2 | Outcome parameters for different diagnoses.

Dindo–Clavien classification Gastric cancer n (%) Sigmoid cancer n (%) Rectal cancer n (%) p-value χ2

No complication 28 (35.0) 122 (72.6) 103 (45.0) p < 0.001*

I 12 (15.0) 19 (11.3) 49 (21.4)

II 21 (26.3) 7 (4.2) 32 (14.0)

IIIa 7 (8.8) 2 (1.2) 7 (3.1)

IIIb 8 (10.0) 14 (8.3) 27 (11.8)

IVa 3 (3.8) 0 8 (3.5)

IVb 0 1 (0.6) 2 (0.9)

V/mortality 1 (1.3) 3 (1.8) 1 (0.4)

Comprehensive complication index 17.06 ± 17.65 7.50 ± 17.42 14.06 ± 18.41 p < 0.001*

Stroke 0 1 (0.6) 1 (0.4) p = 0.793

Myocardial infarction 1 (1.3) 2 (1.2) 1 (0.4) p = 0.729

Infectious complication 10 (12.5) 19 (11.3) 36 (15.7) p = 0.426

Anastomotic leakage 2 (2.5) 5 (3.0) 14 (6.1) p = 0.312

Pneumonia 2 (2.5) 3 (1.8) 3 (1.3) p = 0.768

SSI 5 (6.3) 16 (9.5) 25 (10.9) p = 0.635

Type 1 4 (5.0) 11 (6.5) 13 (5.7)

Type 2 0 4 (2.4) 8 (3.5)

Type 3 1 (1.3%) 1 (0.6) 4 (1.7)

Urinary tract infection 1 (1.3) 1 (0.6) 1 (0.4) p = 0.729

In-hospital stay 27.6 ± 21.2 13.3 ± 10.4 17.6 ± 12.0 p < 0.001*

*Statistically significant (p-value < 0.05).

Schardey et al. SDD in Gastrointestinal Surgery
in 41.3% (n = 33), only minor complications (Clavien–Dindo I–II)
occurred.

For sigmoid cancer in 72.6% (n = 122), no complications
occurred, whereas in 15.5% (n = 26), minor complications
(Clavien–Dindo I–II) were reported. In 11.9% of cases (n =
20), major complications occurred (Clavien–Dindo IIIa–V).
The mean CCI was 7.50 ± 17.42.
Frontiers in Surgery | www.frontiersin.org 471
In rectal cancer, in 45.0% of cases (n= 103), no complication and
in 35.4% minor complications (n= 81) were documented. In 19.7%
(n = 45), major morbidity (Clavien–Dindo IIIa–V) occurred. The
mean CCI was 14.06 ± 18.41. The distribution of complications
according to the Clavien–Dindo classification was different
between gastric, sigmoid, and rectal cancer (χ2: p < 0.001) as
well as between different surgical procedures (χ2: p < 0.001).
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TABLE 3 | Outcome parameters for the type of surgery.

Disease Colorectal cancer (CRC) Gastric cancer p value χ2

Type of surgery Low anterior rectal
resection (%)

Anterior rectal
resection (%)

Sigmoid
resection (%)

Total gastrectomy
(%)

Partial gastrectomy
(%)

n 187 54 156 44 36

Completeness of
decontamination

185 (98.8) 54 (100) 153 (98.1) 43 (97.7) 35 (97.2) p < 0.001*

Infectious
complications

32 (17.1) 5 (9.3) 18 (11.5) 5 (11.4) 5 (13.9) p = 0.466

AL 14 (7.5) 0 5 (3.2) 2 (4.5) 0 p = 0.131

SSI 22 (11.8) 4 (7.4%) 15 (9.6) 2 (4.5) 2 (5.6) p = 0.384

I 11 (5.9) 2 (3.7) 11 (7.1) 2 (4.5) 2 (5.6)

II 8 (4.3) 0 4 (2.6) 0 0

III 3 (1.6) 2 (3.7) 0 0 1 (2.8%)

Mortality 1 (0.5) 0 3 (1.9) 1 (2.3) 0 p = 0.522

*Statistically significant (p-value < 0.05).

Schardey et al. SDD in Gastrointestinal Surgery
CCI was different between different diagnoses (KW: p < 0.001)
and between the surgical procedures (KW: p < 0.001). Both stroke
and myocardial infarction occurred only in three cases of CRC
patients and in one patient suffering from gastric cancer.

Anastomotic Leakage
AL occurred in a total of n = 21 cases and was most frequent in
rectal cancer surgery (n = 14; 6.1%). Regarding the procedure,
AL occurred only in LAR (n = 14) and not in AR (n = 0)
procedures. Another n = 5 cases occurred in sigmoid resections
(3.0%) and n = 2 in surgery for gastric cancer (2.5%) (Table 2).

In patients with gastric carcinoma, there was one AL
classified as grade B and C. In patients with sigmoid
carcinoma, all cases of AL required surgical therapy (grade C).
In patients with rectal cancer, AL was classified as grade A (n
= 2; 1.9%), grade B (n = 4; 1.7%), and grade C (n = 8; 3.5%),
requiring surgical treatment. The mean time (range) to the
diagnosis of AL was 17 days (13–20) in gastric cancer, 7.6
days (5–10) in sigmoid cancer, and 8.6 days (1–15) in patients
with rectal cancer surgery.

There was no significant difference in rates of AL between
groups regarding the type of surgical procedure (LAR, AR,
sigmoid resection, total gastrectomy, subtotal gastrectomy; χ2:
p = 0.064). Also, multivisceral resection was not associated
with increased rates of AL (Fisher: p = 0.252). There was no
difference in rates of AL in open vs. MIC surgery (Fisher: p =
0.404), and rates of AL were not higher if conversion to open
surgery was necessary (Fisher: p = 0.835). AL significantly
prolonged the in-hospital stay (MW: p < 0.001).

Patients with AL had a significantly higher Charlson
comorbidity index (MW: p = 0.048) across all diagnoses. Age
did not significantly differ between patients with and without
AL (MW: p = 0.258).

Infectious Complications
Overall, none of the diagnoses (rectal, sigmoid, or gastric
carcinoma) showed an increased rate of infectious
Frontiers in Surgery | www.frontiersin.org 572
complications in general compared to the others (χ2: p =
0.426). However, there was a nonsignificant trend toward
fewer infectious complications with minimally invasive surgery
(χ2: p = 0.071). In the case of conversion to open surgery,
infectious complications did not occur more frequently
(Fisher: p = 0.425).

Patients with infectious complications showed a significantly
higher Charlson comorbidity index than patients without
infectious complications (MW: p = 0.010). These patients were
significantly older than patients without infectious complications
(MW: p = 0.049). As expected, hospital stay was significantly
prolonged in patients with infectious complications (MW:
p < 0.001).

Surgical Site Infection
SSIs occurred in 6.3% of cases in gastrectomies. SSI grade I–III was
reported in 9.5% of cases for sigmoid cancer surgery (n = 16) and
in 10.9% of cases (n = 25) for rectal cancer surgery (Table 2).

SSIs were distributed equally between groups of gastric,
sigmoid, and rectal cancer surgery (χ2: p = 0.635). Even for the
different types of surgical procedures, the rates of SSI were not
different (χ2: p = 0.384). The in-hospital stay of patients
suffering from SSI was significantly longer (30.5 ± 15.3 days
vs. 16.1 ± 13.4 days; MW: p < 0.001). The Charlson
comorbidity index was significantly higher in patients with SSI
(6.7 ± 2.8 vs. 5.8 ± 2.3; MW: p = 0.042).

There was no significant difference in rates of SSI for the use
of minimally invasive surgery (χ2: p = 0.187), conversion to
open surgery (χ2: p = 0.478), or multi-visceral resection (χ2:
p = 0.234). There was no difference in the distribution of SSI in
different UICC stages (χ2: p = 0.335). Completed decontamination
had no significant impact on the rate of SSI (χ2: p= 0.767).

Mortality
In gastric cancer cohort, there was a mortality rate of 1.3% (n = 1),
1.8% (n = 3) in sigmoid cancer and 0.4% (n = 1) rectal cancer
surgery. Overall, the distribution of mortality was equal between
2022 | Volume 9 | Article 874223
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TABLE 4 | Univariate analysis for infectious complications, anastomotic
leakage, SSI, and mortality (p values < 0.05 are marked with an *).

Df Mean of
squares

F Sig.

Infectious
complications
(R2= 0.044;
p < 0.001*)

Charlson
comorbidity index

1 1.431 12.592 p < 0.001*

UICC stage 1 0.689 6.060 p = 0.014*
Multivisceral
resection

1 0.567 4.988 p = 0.026*

Completeness of
decontamination

1 0.061 0.539 p = 0.463

Diagnosis 1 0.249 2.193 p = 0.139
MIC 1 0.293 2.575 p = 0.109

Anastomotic
leakage
(R2= 0.246;
p = 0.001*)

Charlson
comorbidity index

1 4.708 146.133 p < 0.001*

UICC stage 1 0.025 0.765 p = 0.382
Multivisceral
resection

1 0.167 5.186 p = 0.023*

Completeness of
decontamination

1 0.058 1.806 p = 0.180

Diagnosis 1 0.062 1.933 p = 0.165
MIC 1 0.109 3.392 p = 0.066

Surgical site
infections
(R2= 0.044;
p = 0.025*)

Charlson
comorbidity index

1 0.968 3.918 p = 0.048*

UICC stage 1 0.917 3.711 p = 0.055
Multivisceral
resection

1 1.198 4.851 p = 0.028*

Completeness of
decontamination

1 0.038 0.153 p = 0.696

Diagnosis 1 0.785 3.176 p = 0.075
MIC 1 0.438 1.772 p = 0.184

Mortality
(R2= 0.023;
p = 0.091)

Charlson
comorbidity index

1 0.059 5.746 p = 0.017*

UICC stage 1 0.003 0.306 p = 0.580
Multivisceral
resection

1 0.004 0.360 p = 0.549

Completeness of
decontamination

1 <0.001 0.017 p = 0.896

Diagnosis 1 0.006 0.556 p = 0.456
MIC 1 <0.001 0.007 p = 0.933

*Statistically significant (p-value < 0.05).
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gastric, sigmoid, and rectal cancer (χ2: p = 0.419). Patients who
eventually died had a significantly higher age (79.6 ± 8.7 vs.
68.34 ± 10.8 years; MW: p = 0.028) and Charlson comorbidity
index (9.2 ± 1.3 vs. 5.87 ± 2.4; MW: p = 0.003) than patients
without in-hospital mortality. Patients who died had a
significantly longer in-hospital stay than those who survived
(24.2 ± 4.0 vs. 17.7 ± 14.4 days; MW: p = 0.022). Mortality rates
were not different between MIC and open surgery (Fisher: p =
0.647) or if conversion to open surgery was necessary (Fisher:
p = 0.959). In cases of multivisceral resections, mortality was not
increased (Fisher: p = 0.214). The distribution of mortality was
not different for UICC stages (χ2: p = 0.836). Complete
decontamination did not have a significant impact on mortality
rates (χ2: p = 0.926).

In the gastric cancer cohort, there was one patient who died
due to AL-related septic complications. In patients with sigmoid
cancer, one patient with AL and wound healing disorder
developed a status epilepticus and died from septic
complications and another patient died due to septic
complications following grade II SSI with progressive
multiorgan failure and pneumonia after aspiration,
respectively. One patient developed a rapid cancer progression
and associated pulmonary complications and died from
respiratory insufficiency. In rectal cancer surgery, only one
patient died from AL-related septic complications. This
patient refused the necessary surgical therapy for AL.

Analysis for Risk Factors in Univariate
Analysis
In univariate analysis, the Charlson comorbidity index and
multivisceral resection had a significant impact on the incidence
of infectious complications, SSI, and AL. Additionally, the UICC
stage had a significant impact on infectious complications in
general only. However, diagnosis, use of MIC surgery, and
completeness of decontamination had no effect on the
occurrence of infectious complications, SSI, and AL. The
univariate analysis revealed no significant risk factors for
mortality (Table 4).

Diagnosis of Infectious Complications and
Anastomotic Leakage Based on CRP
Values
Whereas the white blood cell count was not significantly
different between patients with and without infectious
complications or AL, the course of CRP values differed
significantly (Figures 1A,B). ROC analysis showed that CRP
values on days 4 and 5 discriminate not as good for diagnosis
of infectious complications (AUC 0.739 and 0.737; Figure 2A)
as for diagnosis of AL (AUC 0.826 and 0.830; Figure 2B) on
days 4 and 5, respectively.

Adverse Events Related to the SDD
Regimen
Overall, in n = 2 patients with gastric cancer and n = 3 patients
with sigmoid cancer, the SDD regimen was not completed due
to nausea and possible intolerance, whereas in rectal cancer
Frontiers in Surgery | www.frontiersin.org 673
surgery in n = 2 cases, the catheter at the anastomotic site was
dislocated or removed accidentally so that the SDD regimen
could not be continued. Other side effects such as allergic
reactions or intolerance did not occur.

Only in rectal cancer surgery there was one patient with
clostridium difficile-associated diarrhea.
DISCUSSION

The routine clinical use of antibiotic decontamination in 477
patients with gastric, sigmoid, and rectal cancer surgery seems
to be not only feasible but also successful with regard to the
overall low rates of SSI, AL, and mortality. Certainly, the rates
for AL and SSIs were higher in colorectal compared to gastric
cancer surgery.

Although this is a retrospective study lacking a control group,
the complication rates compare well with results achieved in
double-blind RCTs for gastric (28) and rectal cancer surgery
2022 | Volume 9 | Article 874223
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FIGURE 1 | Laboratory values such as white blood cell count (WBC) and C-reactive protein (CRP) were assessed perioperatively from the day before surgery until
the 7th postoperative day. (A) Comparison of the course of parameters between patients with (red) and without (blue) infectious complications. (B) Comparison of the
course of the parameters between patients with (red) and without (blue) AL.
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with the use of this SDD/PTVA regimen (30). Mortality rates were
low and major complications were more frequent in gastric and
rectal compared to sigmoid cancer patients. Patients with SSI,
AL, and infectious complications in general and mortality had a
significantly higher Charlson comorbidity index compared to
patients without infectious complications. Hospital stay was
significantly prolonged in these patients. Nearly all patients
completed the perioperative antibiotic decontamination regimen,
and no adverse events could be detected.

Data on Gastric Cancer Surgery
In a recent review, AL of esophagointestinal anastomosis was
reported with an incidence between 2.1% and 14.6% and
associated mortality of up to 50% (48). Yoo et al. reported AL
in 6.7% following curative resection of gastric cancer. Poor
performance status and tumor localization were risk factors
for leakage in the latter study (17). In our data, the Charlson
comorbidity index was higher for patients with gastric cancer
compared to CRC patients. Nonetheless, rates for infectious
complications in our gastric cancer patients were low by any
standard. In our patients, leaks occurred late in the
postoperative course, which may be an effect of
decontamination. In our experience, late leaks are less
dangerous compared to leaks in the early postoperative course.
Overall, only scarce data are available about the use of
perioperative antibiotic decontamination in gastric cancer
surgery. Scheufele et al. recently conducted a systematic review
and meta-analysis of the current evidence for the role of SDD
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in RCTs of upper gastrointestinal tract surgery reporting a
significant reduction in AL and postoperative pneumonia after
total gastrectomy and esophagectomy using SDD regimens.
These data support the routine use of the SDD regimen in
gastrointestinal surgery (16).

Data on Colorectal Cancer Surgery
The complication rates for sigmoid and rectal cancer surgery
were much higher than our previously reported data on
surgery for diverticulitis using the same SDD regimen (40).
For rectal cancer surgery, reliable data about outcome
measures without the use of antibiotic bowel decontamination
are available from a large German cohort with rates for AL of
11.9% and overall in-hospital mortality of 2.1% (13).

Roos et al., based on their data of a systematic review, stated
that a combination of perioperative SDD and perioperative
intravenous antibiotic prophylaxis in elective gastrointestinal
surgery reduces the rate of postoperative infections, including
AL, compared with the use of intravenous antibiotics alone (5).
These results have been confirmed by Abis et al., who analyzed
the use of SDD in esophageal, gastric, and colorectal surgeries (49).

Results from recently published RCTs and meta-analyses
report contrary outcomes of combined bowel preparation. The
SELECT trial using a perioperative SDD regimen
demonstrated a significant reduction of SSI but not AL (9).
The MOBILE trial adding neomycin and metronidazole to
mechanical bowel preparation preoperatively only failed to
show a relevant difference in SSI or AL between the treatment
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FIGURE 2 | ROC analysis was perfomed for the postoperative CRP levels
from postoperative days (POD) 3, 4, and 5 for (A) diagnosis of infectious
complications and (B) diagnosis of AL with the area under curve (AUC)
given in the figures.
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and control groups (36). However, both trials included only a
limited number of left-sided colonic and rectal resections. A
meta-analysis recently published by Rollins et al. demonstrated
a reduction in SSIs and AL mostly based on the included
registry data. The meta-analysis of the RCTs alone did not
show a relevant reduction of AL (38).

The available data lack consistency as different types of
antibiotic regimens and durations of application are used as
well as different types of surgical procedures are included
(4, 9, 30, 36, 38, 49). Compared to the available RCTs and
other data on the use of a perioperative SDD regimen in
combination with mechanical bowel preparation, our analysis
shows similar results regarding rates of infectious complication,
SSI, and AL, despite the fact that most of these studies excluded
UICC stage IV patients, whereas about 18% of UICC stage IV
cases are included in our analysis (4, 5, 9, 30, 49). In summary,
the relevant data on the use of the perioperative SDD regimen
in colorectal surgery support the strategy of topical antibiotics in
a reasoned combination (4, 9, 30, 39, 40).
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Effect of SDD on Multidrug Resistant
Germs and Possible Side Effects
We are aware that there are increasing numbers of vancomycin-
resistant Enterococci species (50), but published data on routine
use of topical antibiotics like SDD in intensive care units show
even a decrease in colonization of Enterococci species (51).
Furthermore, there are reliable data on oral vancomycin, as it
is widely used in Clostridioides difficile infections. Few
antibiotic resistances to vancomycin occurred over time, with
a treatment duration of 10 days or even longer (52–54).
However, recent experimental data demonstrated a significant
role of Enterococci species in the pathogenesis of AL (25, 55).
Schardey et al. modified the SDD regimen for antibiotic
decontamination by adding vancomycin to the usual SDD
regimen. This modified SDD regimen seems to be much more
efficacious as it covers a much larger spectrum of potentially
pathogenic germs, most of them even twice, including
Enterococci species, while these are not sufficiently covered by
a conventional SDD regimen (24, 28, 30). On the other hand,
the widespread use of antibiotics is a major concern regarding
the development of antimicrobial resistance. Presently, the
beneficial effect of topical antibiotics in the prevention of AL,
in our opinion, outweighs the possible adverse side effects. In
over 20 years of the use of these modified SDD regimens in
gastrectomy and colorectal surgery, no adverse events
regarding multidrug-resistant germs or other relevant side
effects have been observed (30, 39, 40).
Risk Factors for Anastomotic Leakage and
Other Infectious Complications
In our data, we could detect some risk factors in univariate
analysis like the Charlson comorbidity index and multivisceral
resections for AL, SSI, and infectious complications in general.
Other data already demonstrated male sex, obesity,
neoadjuvant (radio)chemotherapy, an impaired preoperative
physical and nutritional state or ASA≥ 3 patients, smoking,
UICC stage, and operative factors like level of anastomosis,
surgeon volume, and not creating a diverting stoma in low
anterior rectal resections as risk factors for AL (12, 13, 56). In
our data, due to a limited number of events, no reliable
analysis of risk factors for anastomotic leakage and other
infectious complications despite the results of the univariate
analysis has been possible.

Furthermore, our analysis shows that CRP levels on
postoperative days 4 and 5, to some extent, seem to be
predictive for AL and less for infectious complications in
general in ROC analysis (Figures 1, 2). One can only
speculate that due to less nonspecific infectious complications,
CRP course on postoperative day 4/5 seems to be a more
sensitive marker for the occurrence of AL. In a meta-analysis,
Paradis et al. also investigated the diagnostic characteristics of
CRP levels between postoperative days 3–5 (8). Overall,
elevated CRP levels do not prove AL, but especially further
increasing CRP levels are reliable markers for potential
alterations of routine postoperative course and may result in
further diagnostics (8).
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Limitations
Due to the retrospective character, this study has several
limitations. All patients were operated on over a period of 20
years in the same academic teaching hospital, which
nonetheless is a low-volume community hospital, not expected
to reach excellence. Also, due to technical improvements over
time, more and more minimal invasive and robotic procedures
have been performed (9, 57, 58) and neoadjuvant treatment
concepts have been introduced into clinical practice (59–61).
Over this time period, there have been major improvements in
the perioperative management using “enhanced recovery after
surgery” concepts (62, 63). Thus, we can only report on the
surgical outcomes. In contrast to these expectations, the
complication rates especially regarding SSI, AL, and mortality
in this retrospective analysis of routine use of antibiotic
decontamination in gastrointestinal surgery compare very well
with the results of cancer surgery in currently published
studies, reviews, and meta-analyses (4, 5, 9, 28, 30, 49).

Furthermore, one must assume that minor complications (Dindo–
Clavien grade I–II) may be rather underrepresented. However, major
complications with the need for interventional or surgical
reintervention (Clavien–Dindo IIIa–V) are very well documented.
Our data are heterogeneous as we report all cases using a
perioperative antibiotic decontamination regimen representing
high-risk anastomosis in gastric, sigmoid, and rectal cancer
surgery. Our data lack a control group because in our center
nearly all patients are on treatment using the SDD or modified
SDD regimen. However, otherwise, a lot of outcome data and
some comparable outcome data using similar SDD regimens are
available in the literature for comparison (4, 5, 9, 13, 16, 17, 48, 49).
CONCLUSION

The concept of perioperative antibiotic bowel decontamination
in gastrointestinal surgery based on the use of a (modified)
SDD regimen may be able to improve patient safety and
surgical outcome in gastrointestinal oncologic surgery in a
routine clinical setting. Based on new experimental data,
agents other than antibiotics, such as polyphosphates or
protease inhibitors, may be an alternative in the future but
have not yet been introduced into clinical practice (64, 65).
CONTRIBUTIONS TO THE FIELD
STATEMENT

Antibiotic bowel decontamination and SDD are still not widely
used concepts in gastrointestinal surgery, despite the existing
Frontiers in Surgery | www.frontiersin.org 976
evidence not only from registry data but also from the
different available RCTs. The impact of bacterial factors on
surgical site infections and especially anastomotic leakage is
proven, but rates of surgical site infections and anastomotic
leakage remain stable over the past years.

In our center, we have 20 years’ experience in the use of
antibiotic bowel decontamination. Overall, in the here-presented
large cohort, we have low rates for surgery-related major
morbidity and mortality. Compared to available international
data, we have low rates of AL and surgery-related mortality. No
relevant side effects of SDD regimens occurred.

Therefore, the use of the SDD regimen seems to improve
patient safety and surgical outcome in gastrointestinal
oncologic surgery in a routine clinical setting, but further
evidence from RCTs is still necessary.
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Colorectal surgery has developed rapidly in the recent decades. Nevertheless, colorectal
anastomotic leakage continues to appear postoperatively in unpleasant rates and leads
to life-threatening conditions. The development of valid complication-preventing
methods is inefficient in many aspects as we are still lacking knowledge about the
basics of the process of anastomotic wound healing in the gastrointestinal tract.
Without the proper understanding of the crucial mechanisms, research for prevention
of anastomotic leakage is predestined to be unsuccessful. This review article
discusses known pathophysiological mechanisms together with the most lately found
processes to be further studied. The aim of the article is to facilitate the orientation in
the topic, support the better understanding of known mechanisms and suggest
promising possibilities and directions for further research.

Keywords: colorectal anastomosis, anastomotic healing, intestinal healing, anastomotic leakage, wound healing

INTRODUCTION

Colorectal surgery has developed rapidly in the recent decades. Many new techniques have been
introduced lately and the perioperative care keeps changing quite agilely (1–3). Milestones have
been taken towards better oncological outcomes, minimally invasive procedures, and improved
postoperative quality of life (QoL). Individualized care and the role of the patient’s opinion on
their treatment based on their good information and insight into the topic come to the fore.
However, this article will discuss the unresolved issues in colorectal surgery, which raise
questions not only in this specialization, but across gastrointestinal surgery in its full spectrum.

An essential part of gastrointestinal surgery is a construction of an anastomosis. The concept of
resection and reconnection of the hollow parts of the tract is one of the cornerstones of visceral
surgery and as such is not expected to be overcome or replaced by other treatment modalities
in the foreseeable future.

Just as any other surgical procedure, this one has its specific complications as well. The dreaded
anastomotic leak (AL), or dehiscence of the anastomosis, comes to mind first. It is a severe
complication that requires a tailored approach depending on its severity. It poses a threat to the
1 2022 | Volume 9 | Article 90481079
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patient’s life in the early postoperative period, in many cases
requires reoperation, and it is the cause of both longer
hospitalizations and reduced postoperative QoL, altogether
higher medical care expenses, and according to some studies
even worse oncological results (4).

Anastomotic strictures or fistulae are other complications
that can occur quite often (5). Strictures, in contrast to leaks,
develop over a period of months, so patients are at risk of
developing them after they have been placed in home care. In
many cases, such stricture may be endoscopically affected,
however, a large proportion of patients undergo eventually an
additional surgery with resection of the stenotic section of the
intestine and are thus again exposed to the risks of major
surgical procedure (and risk of stoma for acute procedures)
(5, 6). A relatively large number of experimental studies have
been performed to find the optimal means to prevent these
complications (7, 8). However, few will receive the transfer to
clinical medicine.

This article aims to analyze current views on gastrointestinal
anastomosis healing and its disorders, to develop the boundaries
of these different approaches, the current state of knowledge and
to outline areas for further research. The secondary intent of this
work is also to draw attention to the fact that, however appealing
it may appear to be, hopes for clinical success of current leak
prevention research are modest.
LIMITATIONS OF CLINICAL PERSPECTIVE

The essence of the development of the complications mentioned
above are disorders of the healing process. Because the healing
process is very complex, the specific cause of the pathology
can be located on a wide range of levels (9, 10).

Our current view on the prevention or eventual elimination
of these complications relies on the identification of risk
factors identified by the correlation of known information
about patients with their postoperative course. Based on these
data, patients are stratified according to the risk of these
complications and appropriate precautions are performed on
patients assessed as being at risk (11).

The problem is that we are only able to distinguish AL risk
markers for standardly evaluated data. Very broad units such
as the presence of immunosuppression, diabetes, old age or
male sex thus become markers of high AL risk (Table 1) (11).
Such large units in the planning of treatment modalities
TABLE 1 | Modifiable and non-modifiable risk factors examples from clinical
studies (11–13).

Modifiable Non-modifiable

Smoking Male gender

Obesity Elderly patient

Malnutrition Emergency procedure

Immunosuppressant treatment Low anastomosis

Neoadjuvant radiotherapy Locally advanced tumor

Diabetes
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(Hartman’s resection, protective ileostomies, etc.) are difficult
to grasp. Stratification is inaccurate and only some patients
benefit from it. We assume AL occurs from a combination of
healing abnormalities based on several factors that negatively
affect the whole healing process.

At present, the process of skin wound healing, including
some pathological conditions, is relatively well described (14).
However, a similar depth of knowledge is on the digestive
tract our utopia. The process is not well documented even in
its physiological nature, and certainly the basis of individual
pathophysiological deviations is well not researched either
(10). Several important points emerge from this statement:
1. Although we know some, we do not know all the risk factors
2. The stratification of patients according to risk is therefore far

from being perfect
3. We do not have the opportunity to effectively intervene in

the healing process based on its knowledge
4. Applied research in the field of means to prevent anastomotic

leakage is in many cases untargeted and ineffective
The degree of unexploredness of such a basic process is an
unusual vacuum in scientific knowledge, and the knowledge of
the human body.

LEAK MECHANISMS CURRENTLY IN
FOCUS

Before we make the leap into the unexplored, we will introduce
the following text with a short discussion about some known
pathophysiological mechanisms:

Anastomotic Leakage and Blood Supply
Blood supply is a key basis not only for the healing process but
also for maintaining the vitality of any tissue. Depending on the
subtlety of the surgical technique and the condition of the
patient’s vascular anatomy and disease, the blood supply to
the tissues may be compromised in the terrain of surgery.
However, the presence of a sufficient blood supply is a
generally valid condition not only to enable any healing
process, but also to maintain tissue vitality in any other
location. Lacking new information, the frequent research goal
is to develop means both for perioperative evaluation of the
quality of blood circulation and means to improve the
regional blood supply to the anastomosed intestinal tissues. In
the first of these, great progress has been made with the
introduction of protocols involving the intravenous
administration of indocyanine green (ICG) (15). Depending
on the quality and speed of ICG distribution to the tissues of
the anastomotic intestine, it is then possible to decide on a
modification of the resection line. According to published
works, individual protocols have the potential to reduce the
incidence of anastomotic leakage by tens of percent (16).
However, even such a refined technique has not contributed
fully to elimination of this complication.
2022 | Volume 9 | Article 904810
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Anastomotic Leakage and Microbial
Infection
Another specific aspect comes to light especially in colorectal
surgery. The results of both experimental and some clinical
works show the association of the anastomotic leak with
infection or colonization of the patient by typical bacterial
strains (17). The anastomotic leak caused by the dehiscence of
the intestinal anastomosis is certainly an infectious
complication, however, the medical society has generally not
accepted (at least until recently) the thought that the
anastomotic leak is a complication caused by the infection.
According to published works, this infection is either a direct
cause of leakage development or at least a significant
contributor if it develops over an existing healing disorder (17).
Pseudomonas Aeruginosa or Streptococcus Faecalis belong
among those risk associated pathogens (18, 19). The mechanism
of the anastomotic dehiscence lays in the bacterial ability of
production of special enzymes consuming newly formed
connective tissue of the forming scar – bacterial collagenases
(17). These were however identified also in other bacterial
strains. If we keep in mind that the basis of collagenase
production are bacterial plasmids, which bacteria can share
across strains, it may be practically impossible to identify all
risky bacterial strains. The second way of negative bacterial
influence on the connective tissues of the intestinal anastomosis
is mediated by human collagenases, where the bacteria do not
produce collagenase itself, but a human collagenase activator,
which acts locally by breaking down collagen fibers in a similar
way as bacterial collagenases. Bacterial activator of matrix
metalloproteinase 9 can play such role (20). During the process
of formation the collagen-rich extracellular matrix is degraded
by these enzymes. This can lead to mechanical weakness of the
anastomosis or even dehiscence (20).
EMERGING PATHOPHYSIOLOGICAL
MECHANISMS, PROCESSES TO BE
STUDIED FURTHER

As stated before, today’s knowledge about intestinal anastomotic
healing is limited (10). Wound healing is a process probably far
more complex than we describe it by today’s view. Many works
rely on similarities between the cutaneous wound healing and
anastomotic wound healing. This is despite the fact these are
completely different organs, located in a completely different
environment of the human body. These organs differ in their
morphology, representation of individual cell types, blood supply,
type of function, etc. While monitoring skin healing is less
technically demanding both in the clinical environment as well
as in the experiment, direct monitoring of intestinal anastomosis
healing inside the abdomen is at least for now, practically
impossible. In addition, the intestinal wall consists of several
completely different layers, where we can say with certainty that
the contribution of each of them to a successful healing process
is different, while the essence of the proper function of one of
the layers is not to adhere to anything (the mucosa). Pathology
Frontiers in Surgery | www.frontiersin.org 381
in the process of peritoneal healing can form extensive peritoneal
adhesions, at the level of the muscular layer, pseudodiverticula
may form, and if the process of healing of the intestinal mucosa
is altered, fistulas may develop (21). On the other hand, the
large intestine is able to heal despite contamination by common
feculent flora, while essentially any contamination of a similar
type leads to a purulent complication in the skin wound.

The small and the large intestines comprise many different
cell types that are also specific for the location on the
gastrointestinal tract. The current histological view recognizes
in both the small and the large intestine four basic
morphological layers: serosa, muscularis, submucosa and
mucosa. However, these can be divided into even more units,
and even these have their morphological variations depending
on the level on the gastrointestinal tract. This situation is the
reason why it is so complicated to describe the whole process,
including its pathophysiological abnormalities, and why no
one has yet been able to describe it in full scale (10).

It is practically impossible to create a comprehensive study
monitoring all cell types and their metabolic changes in the
healing process at once. Thus, although projects focusing on
individual small aspects of the process, such as research into
the effects of transient ischemia on peritoneal fibroblast
metabolism, have received little attention and often little
success in terms of financial support, they are the only means
to push forward our current view on the issues of physiology
and pathophysiology and the possibility of influencing the
healing process in the digestive tract in a targeted matter.

Given the above lack of knowledge, we are not sure which
cells, or which intestinal wall layers are the most important
for the healing process, or if the interplay of individual layers
in the whole process is essential.

The wound healing process is traditionally divided into
several overlapping phases for the purpose of simplification:
hemostasis, inflammation, proliferation, and remodeling phase
(22) by the todays view. The initial three phases form together
the acute period which is important for the possible
development of anastomotic leakage. However, subtle
disbalance can cause problems in the following period
resulting in the healing pathologies as anastomotic strictures
or fistulae formation.

We propose several issues appearing lately in the literature,
that should be studied further for each intestinal layer to
resolve some key questions about the healing process. These
research topics are just the tip of the iceberg which is the yet
to be discovered:

The Peritoneum
The peritoneum: The healing capacity of peritoneum is
enormous (23). Most of the relevant known
pathophysiological processes are described in studies focusing
on the problematics of postoperative formation of extensive
peritoneal adhesions, and not on the problematics of
insufficient peritoneal healing. However, both processes start
with peritoneal injury followed by inflammation.

A wide range of experimental models were created for the
study of peritoneal adhesions, in which not only anti-adhesion
2022 | Volume 9 | Article 904810
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agents were systematically verified, but also the very nature of
their formation: patient related factors, perioperative factors,
influence of surgical techniques on morphology, amount and
properties of adhesions (24). The role of molecular factors,
cytokines, in the cellular metabolism of peritoneal cells is also
being discussed relatively deeply.

Because peritoneal adhesions have been studied extensively,
also the peritoneal injury process that precedes the formation
of adhesions is well described. The injured surface starts
producing a thin fluid which is rich in many proteins and
signal molecules as well as inflammatory and other cells (25).
This fluid coagulates within 3 h and thus it ensures stable
contact of the two peritoneal surfaces. A process of fibrinolysis
takes place at the same time and inhibits the formation of
adhesion in normal peritoneal healing within the first 72 h
after the injury (25). A prolonged persistence (3–5 days) of
this coagulated mass is needed for fibroblasts to migrate in it
and start producing the extracellular matrix and other
substances. This new scaffold is afterwards occupied by
mesothelial cells (26, 27). Healthy peritoneum has fibrinolytic
activity (prevents obliteration of abdominal cavity in normal
circumstances), which can be however decreased in different
situations (hypoxia, injury, infection, etc.) leading to adhesion
formation (28).

In the formation of peritoneal adhesions, a permanent
transformation of peritoneal fibroblasts into so called adhesion
fibroblasts was described. It is a change causing increase in
proliferation and deposition of collagenous fiber rich
extracellular matrix. A variety of signal molecules play their
role in regulation of this process but the pathways leading to
adhesions formation seem to have common triggers, which
are ischemia, hypoxia, and hypercapnia etc. (26, 27, 29). The
changes are described as permanent on the cellular level.

The biological role of the peritoneum appears to be relatively
clear in the injury: with the highest priority, it is necessary to
prevent perforation of the gastrointestinal tract into the free
space of the abdominal cavity. Factors such as localized
incomplete tissue hypoxia, hypercapnia, or other local markers
of cell damage are thus triggers for the proliferation of
peritoneum cells and the production of connective tissue to an
intense extent, which seems to hastily prevent an acute threat.
A long-term disadvantage of the process is that it is a
probable cause of over-deposition of collagen-rich connective
tissue, for example in the construction of gastrointestinal
anastomosis, and thus contributes to stricture formation.

Dysregulation of these molecular factors has been described
in the literature to be triggered by local ischemia: Tissue
plasminogen activator (tPA), Transforming growth factor-β1
(TGF-β1), Tumor necrosis factor α (TNF-α), Interleukin 6
(IL-6), Matrix metalloproteinases (MMPs), Cyclo-oxygenases
(COX) (30–38). However, the aim of this article is not to
describe individual events that are relatively complex, so we
recommend the cited literature for a deeper study.

The Muscular Layer
Isolated defects of muscular layer can be seen in imperfectly
healed anastomoses as fistulae or can form a pseudodiverticula
Frontiers in Surgery | www.frontiersin.org 482
when the peritoneal surface maintains integrity. However,
fistulas are more suspicious of being a mucosal healing
imperfection. The hypertrophy of the muscular layer is not
usually recognized in intestinal anastomoses but often in
patients with chronic inflammatory bowel disease, where it is
responsible for intestinal wall thickening and formation of
strictures. A state of chronic inflammation with constant
production of inflammatory signal molecules and infiltration
by inflammatory cells causes a change of metabolism of
smooth muscle cells (SMCs). The SMCs gain proliferative
ability and start producing extracellular matrix (ECM)
(39, 40). The role of ischemia on the SMCs was not described
though, and the effect of inflammatory cytokines on SMCs in
the process of anastomotic healing is unknown as well. This is
certainly material for further basic research.

The Submucosa
The submucosa is the layer that is known to be the mechanically
strongest. The fact that it contains a lot of collagen rich ECM
makes most of clinicians suppose it is the most important layer
for optimal anastomotic healing (41). Yet it is not known
whether it really is activated in the process of anastomotic
healing in sufficient amount to regain mechanical strength in
time. And moreover, there is yet no proof suggesting that
mechanical strength can be relied on in intestinal anastomosis
and there is a probability that there is no link between
anastomotic leakage risk and the mechanical strength. The
metabolism of the submucosal tissue has not been studied
thoroughly neither in normal circumstances nor after injury.
Further basic research needs to be conducted urgently.

The Mucosa
Intestinal epithelial cells belong among the most rapidly
proliferating cells in human body. In normal situation
thousands of cells are scrubbed from the mucosal surface by
food passage every day. Mature enterocytes however do not
have any proliferative capacity and so the mucosal renewal
depends on proliferation and differentiation of stem cells
located in intestinal crypts. They are responsible for re-
epithelization when it comes to anastomotic healing as the
mature enterocytes cannot regain this ability. Epithelial
mesenchymal transition is a healing associated cellular
transformation responsible for de-differentiation of mature
epithelial cells and for their regain of the proliferative activity.
Newly formed epithelial cells keep covering denuded luminal
surface, but do not adhere to epithelized surfaces (One of the
basic biological assumptions is that the mucosa must not grow
another mucosa surface to surface in order to avoid loss of
intestinal lumina). It has been described that the process of
superficial proliferation is probably responsible for fistulae
formation in patients with anorectal inflammatory bowel
disease (42–44), whether the process is behind fistulae
formation in case of intestinal and bowel anastomosis is not
confirmed, but the mechanisms could be similar. The
epithelium is not considered to participate in formation of
anastomotic strictures, but not enough research has been
conducted to rule out even this assumption.
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An interesting view that has not been sufficiently explored is
also the importance of barrier function of the mucosa and its
loss from intestinal injury, the process of its regeneration, the
factors that affect it, and last but not least, how this loss
affects the metabolism of the remaining gastrointestinal wall.
The basis for the loss of this function is, among other
mechanisms, a disorder of tight junctions between enterocytes.
It occurs, for example, in septic conditions, where it is another
probable contributor to the healing disorder (45). The barrier
function suffers also during diarrheic diseases and can be
altered also by aggressive laxatives that are used for
mechanical bowel preoperative preparation (46).
DISCUSSION

At present, we have the advantage of the existence of advanced
laboratory methods that allow us to observe both metabolic and
proliferative changes of individual cells of the gastrointestinal wall,
as well as their dynamics and mutual interaction. It is necessary to
maximize the use of these auxiliary methods in combination with
a clinically relevant experimental model of gastrointestinal healing,
both in physiological conditions and to compare these processes
with processes taking place in the presence of pathological
changes, factors negatively affecting the healing process.

There are many unanswered questions in the process of
gastrointestinal healing. Only a thorough research of partial
processes, changes at the level of cellular metabolism, at the
level of individual layers of the gastrointestinal tract wall, the
dynamics of these processes and their interactions under both
Frontiers in Surgery | www.frontiersin.org 583
physiological and pathophysiological conditions can contribute
to advances in clinical visceral surgery and other targeted
prevention of anastomotic complications including leaks and
stenoses. Even though new methods and techniques are
emerging in colorectal surgery, the anastomotic leakage
continues to haunt us. New technologies allow us to create
new kinds of materials for both local or systemic treatment,
but not knowing the physiological process and its pathological
changes means not knowing what we treat.
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Introduction: Surgical site infections (SSIs) are one of the most common postoperative
complications after appendectomy leading to recurrent surgery, prolonged hospital stay,
and the use of antibiotics. Numerous studies and meta-analyses have been published on
the effect of open versus conventional laparoscopic appendectomy (CLA) reporting faster
postoperative recovery and less postoperative pain for CLA. A development from CLA has
been the single-port appendectomy (SPA), associated with a better cosmesis but
seemingly having a higher risk of wound infections. The aim of this systematic literature
review and meta-analysis is to investigate whether reduced port or SPA alters the ratio of SSIs.
Methods: Pubmed, Embase, and Cochrane databases were screened for suitable articles. All
articles published between January 1, 2002, and March 23, 2022, were included. Articles
regarding children below the age of 18 were excluded as well as manuscripts that
investigated solemnly open appendectomies. Articles were screened for inclusion criteria by
two independent authors. Incidence of SSI was the primary outcome. Duration of operation
and length of hospital stay were defined as secondary outcomes.
Results: A total of 25 studies were found through a database search describing 5484
patients. A total of 2749 patients received SPA and 2735 received CLA. There was no
statistical difference in the rate of SSI (P= 0.98). A total of 22 studies including 4699
patients reported the duration of operation (2223 SPA and 2476 CLA). There was a
significantly shorter operation time seen in CLA. The length of hospital stay was reported in
23 studies (4735 patients: 2235 SPA and 2500 CLA). A shorter hospital stay was seen in
the SPA group (P< 0.00001). Separately performed analysis of randomized controlled trials
could not confirm this effect (P= 0.29).
Discussion: SPA is an equally safe procedure considering SSI compared to CLA and does
not lead to an increased risk of SSI. A longer operation time for SPA and a minor difference in
the length of stay does lead to the use of SPA in selected patients only.

Keywords: appendicitis, appendectomy, surgical site infection, single-port appendectomy, conventional
laparoscopic appendectomy, wound infection, SSI
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TABLE 2 | Table of primary and secondary outcomes of interest and inclusion
and exclusion criteria.

Primary outcome of interest Secondary outcome of
interest

Incidence of surgical site infection (SSI) Length of hospital stay in days
Operation time in minutes

Inclusion criteria Exclusion criteria

Studies published between January 1, 2002
and March 23, 2022 reporting the incidence
of SSI

Studies focusing on patients
below the age of 18

TABLE 1 | Classification of surgical site infection according to the CDC
(Center of Disease Control) (11, 12).

Surgical site infection Criteria

Superficial incisional
surgical site infection

Occurs within 30 days after surgery; involves
only the skin and subcutaneous tissue of the
incision

Deep incisional surgical site
infection

Occurs within 30 or 90 days after surgery;
involves deep soft tissues of the incision (muscle
and fascial layers)

Organ/space surgical site
infection

Occurs within 30 or 90 days after surgery;
involves tissue deeper than fascial/muscle layers
that have been opened or manipulated during
the surgery
INTRODUCTION

Acute appendicitis (AA) is one of the most common causes of
acute abdominal pain and the most frequent indication of
abdominal emergency surgery worldwide (1, 2). AA can be
divided into uncomplicated appendicitis i.e., phlegmonous and
complicated appendicitis including perforation, abscess, and
peritonitis (2).

The current gold standard treatment is appendectomy, in the
majority of cases performed laparoscopically. However,
antibiotic therapy seems to be an alternative in uncomplicated
cases (3–7). In recent years, single-port appendectomy (SPA)
using only one incision in or below the umbilicus has become
more and more popular (8). It is thought to provide better
wound cosmesis and faster recovery compared to conventional
laparoscopic appendectomy (CLA) (9, 10). SPA can be
performed in different techniques, first, by using designated
single ports that have been developed for single-port
laparoscopy. These trocars provide three single channels through
which the instruments are inserted (11). Second, three
conventional trocars can be inserted in or below the umbilicus
(12). With this technique, it is important to incision the fascia
sparingly and insert each trocar through its own fascial incision
to reduce gas efflux (13). Third, self-made single ports have
been established using rings, bands, and surgical gloves (14).

Appendectomy, performed open or laparoscopically, are
surgical procedures with manageable perioperative risk and
low mortality (15). Bleeding, stump insufficiency, or
intraabdominal abscess are rather rare complications (16).
Surgical site infections (SSIs) appear in up to 9% of
appendectomies and therefore present the most frequent
complication after appendectomy (15, 17).

According to the Center of Disease Control (CDC), SSI can
be divided into superficial incisional surgical site infection, deep
incisional site infection, and organ/space surgical site infection
(see Table 1) (18, 19).

The aim of this study was to evaluate the influence of SPA on
the occurrence of superficial incisional and deep incisional
surgical site infection compared to CLA.
METHODS

Study Selection and Search Strategy
PubMed database, Embase database, and Cochrane database were
searched on March 23, 2022. Search terms were append* and SSI
or surgical site infection or local infection. Studies with available
full text in English or German language were included in the
analysis. No study type was excluded. Manuscripts that focused
on pediatric patients (below the age of 18) were excluded.
Outcomes of interest were defined and are listed in Table 2
with the primary outcome being the incidence of SSI.

Duplicates were removed and articles were first screened by
title and abstract and second reviewed in full text for eligibility
criteria by two independent reviewers (FK and LR).
Disagreement on the eligibility of articles was discussed and
solved by consensus.
Frontiers in Surgery | www.frontiersin.org 286
Additionally, studies used in preexisting meta-analysis were
screened and included if full-text screening did not reveal
exclusion criteria.

The systematic review and meta-analysis were performed in
line with the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analysis) guidelines. The study selection
process is pictured in the PRISMA flowchart (Figure 1) (20).

Literature organization was performed using program
EndNoteX9, while charts, tables, and statistical analysis were
obtained using RevMan5, Prism Graphpad, Microsoft Word, and
PowerPoint. The measure of effects was assessed with the odds
ratio (OR) and fixed effects model as well as the corresponding
95% confidence interval (CI 95%). Statistical significance was
assessed by performing descriptive statistics. Statistical
heterogeneity was assessed by calculating the χ2 and I2 tests.

Risk of Bias Assessment
The risk of bias was assessed using the ROBINS-I tool for
uncontrolled before-after studies (21), as the minority of studies
were randomized controlled trials. Evaluated risks of bias were
as follows: bias due to confounding, in the selection of
participants in the study, in the classification of intervention,
due to deviations from intended interventions, due to missing
data, in the measurement of outcome, and in the selection of
the reported result as well as the overall risk of bias.

The risk of bias was divided into low, medium, and high risk
of bias as well as unclear risk of bias if no information regarding
the evaluated risk of bias was available in the study. Detailed risk
of bias is listed in Table A1 in the Appendix.
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FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analysis flow diagram of the study identification and selection process (13).
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The overall risk of bias assessment revealed a low risk, even
in the non-randomized controlled trials.
RESULTS

After removing duplicates, a literature search revealed 2420
studies. Through title and abstract screening, 68 manuscripts
were found to be suitable for full-text screening. A total of 13
studies meet the inclusion criteria. Throughout the literature
search additionally six meta-analyses were found. By screening
the literature that was used to perform these meta-analyses, 12
further studies were identified that met the inclusion criteria.
Overall 25 manuscripts were included in the meta-analysis
(see Figure 1).
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Primary Outcome
The primary outcome was defined as the incidence of SSI. A
total of 25 studies were identified that investigated the effect
of single-port or reduced-port appendectomy on the incidence
of SSI (11–13, 22–44). In two studies (35, 37) both groups did
not report any SSIs, therefore OR was not estimable. Overall
5484 patients were included in the analysis. A total of 2749
patients received SPA and 2735 patients CLA. Of the patients
treated with SPA 104 developed SSI and 110 patients
developed SSI in the CLA group. There was no significant
difference in the two groups estimable (P = 0.98) (see
Supplementary Figures S2 and S3).

Furthermore, randomized controlled trials were investigated
separately. Nine trials were identified through database search
(11, 12, 25, 27, 30, 34, 36, 37). The trial by Carter et al. reported
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no SSIs in both study groups, therefore OR was not estimable (37).
Overall 1143 patients were included in the analysis, 554 received
SPA and 589 received CLA. A total of 72 patients developed SSI,
27 in the single-port group and 45 in the conventional group.
No statistically significant difference was seen between the
groups (P = 0.06) (see Supplementary Figures S4 and S5).

Secondary Outcome
Operation Time
Out of the studies that reported the incidence of SSI, 22 studies
reported the duration of the performed surgery. Overall 4699
patients were included in the analysis on surgery time, 2223
received SPA and 2476 received CLA. One study did not
report the standard deviation; therefore, OR was not estimable
(22). There was a significant difference between the two
groups with shorter operation time in the CLA group (P <
0.00001) (see Supplementary Figures S6 and S7).

The mean operation time was 53.52 min (SD 13.65) for SPA
and 50.83 min (SD 15.75) for CLA.

Looking at randomized controlled trials only, 8 trials were
identified that included 931 patients, 465 in the SPA group
and 466 in the laparoscopic group. In line with the results of
the analysis of all studies, there was a significantly longer
surgery time in the single-port group (P < 0.00001) (see
Supplementary Figures S8 and S9). The mean operation time
was 55.67 min (SD 19.45) in the single-port group and
51.81 min (SD 23.06) in the CLA group.
Hospital Stay
Out of the studies that reported SSI in SPA and CLA, 23
investigated the length of hospital stay. 4735 patients were
included in the analysis, 2235 in the single-port group and
2500 in the CLA group. In five studies, information was
missing to perform further analysis (22, 27, 28, 38, 41). There
was a significant difference between the two groups (P <
0.00001) favoring SPA (see Supplementary Figures S10 and
S11). The mean length of stay was 2.93 days (SD 1.28) in the
single-port group and 3.05 days (SD 1.17) in the CLA group.

Looking at only randomized controlled trials, there were
eight studies found through a database search. Two studies
did not provide enough information to perform further
analysis (27, 28). Overall 852 patients were analyzed, 428 in
the SPA group and 424 in the CLA group. There was no
statistical significance in the two groups (P = 0.29) (see
Supplementary Figures S12 and S13). The mean length of
stay was 2.64 days (SD 0.92) in the single-port group and 2.6
days (SD 0.87) in the CLA group.
DISCUSSION

This systematic literature review and meta-analysis revealed no
difference in the incidence of SSI for single-port
appendectomy compared to CLA. Operation time was
significantly shorter in the CLA group, while hospital length
was significantly shorter in the SPA group.
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On one hand, the updated guideline of the World Society of
Emergency Surgery (WSES) on diagnosis and treatment of AA
claims that SPA is equally safe and effective as CLA. On the
other hand, the listed study in the guideline revealed longer
operation time, higher rates of wound infection, and
requirement for higher doses of pain medication while SPA
does provide better wound cosmesis. Overall, the updated
guideline does not recommend SPA over CLA due to the
listed disadvantages (45). This meta-analysis did not
investigate the use of pain medication, while first it can
confirm longer operation time and second it did not show
higher rates of SSI in the SPA group (46). Longer operation
times and higher doses of pain medication (while the
postoperative pain level did not reveal any difference) are
socioeconomic factors that should not be the only aspects to
be considered when deciding on one or the other procedure.

Duration of surgery varied broadly between the different
studies, with means ranging from 32.6 to 84.8 min for SPA
and 29.5 to 89 min in the CLA group. The difference between
the means of the two groups is estimated at 3 min. When
looking at the studies that had more than 100 patients in
every group (23, 28, 42, 47), all of them were single-center
studies and surgeries mostly performed by one surgeon.
Operation time in these studies ranged from 34 to 43.8 in the
SPA group and 29.8 to 42.28 min in the CLA group, which is
a shorter duration than the median operation time if looking
at all study types. Studies have revealed lower mortality for
abdominal surgical procedures in high-volume centers (48)
and furthermore a learning curve for laparoscopic skills (49).
Therefore, it is likely that surgeons performing higher
numbers of appendectomies (SPA and CLA) are able to do
these procedures in a shorter duration. This should be
considered when deciding between the two surgical
procedures, as otherwise this review and meta-analysis were
not able to reveal additional disadvantages for SPA compared
to CLA and even show a shorter hospital stay for SPA.

A literature search revealed more than 5000 patients to be
included through 25 studies in this analysis, which leads to
one of the largest meta-analysis on this topic to date.
Analyzation of randomized controlled trials and all studies did
reveal matching results, except for the length of hospital stay
in the overall analysis. Looking at only randomized controlled
trials, which did not reveal a difference between SPA and CLA
regarding the length of stay, the results of this meta-analysis
are in line with the existing meta-analysis (9, 10).

Surgical techniques and instruments used in the studies
included in the meta-analysis varied broadly, reaching from
self-made incisional ports using surgical gloves to designated
single-port trocars. This might be a risk of bias, as the
procedure in itself varies and makes comparability difficult.
The reason for the use of self-made single ports is mainly the
higher costs of manufactured single-port trocars as well as
availability in low-income countries (29). Studies investigating
the self-made incisional ports reported a low complication rate
and good postoperative cosmesis results (23, 43). However,
there is still a lack of studies comparing self-made single ports
with manufactured single-ports. Especially randomized
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controlled trials focusing on cost-effectiveness and long-term
outcomes are missing. Furthermore, contrary to the suspicion
that SPA is associated with higher costs, the study by
Goodman et al. revealed no difference in costs between SPA
and CLA and Wieck et al. even reported significantly lower
costs in the SPA group (50, 51).

In a high-quality meta-analysis by Zaman et al. who
solemnly analyzed randomized controlled trials (and included
pediatric patients in their analysis), a higher cosmetic score in
the SPA group was reported (52). We did not analyze the
cosmetic aspect in our analysis on SPA versus CLA, but it
seems likely that one incision compared to three incisions
results in a better cosmetic score.

This analysis has some limitations. First, all study types were
included in the analysis. Therefore, it might be possible that low-
quality studies were included in the analysis, which might affect
the overall validity of this analysis, so we also performed an
analysis on only randomized controlled trials that were found
through the literature search. The analysis of randomized
controlled trials alone included more than 1400 patients and
the results are in line with the ones of the overall analysis
except for the length of stay. On the other hand, the risk of
bias assessment for all studies revealed rather high quality and
low risk of bias for all studies (see Table A1 in the appendix).

The influence of the surgical approach on hospital length of
stay does show a statistical significance between the SPA and
CLA groups. Nevertheless, the difference does add up to
merely 3 h (171 min). Overall, this difference does not seem to
be of clinical importance, as most patients are discharged after
morning rounds, regardless if surgery took place in the
morning or in the afternoon.

The aim of this analysis was to investigate only superficial
and deep incisional surgical site infection and exclude deep/
organ space infection. A number of studies divided SSI into
superficial, deep, and organ/space according to the CDC
classification. Some studies reported “wound infection”
without further clarification. Therefore, it might be possible
that to some extent deep SSIs are included in the analysis and
distort the results.

Looking at the length of hospital stay, a limitation might be,
that not all studies reported the overall hospital stay but
described the postoperative hospital stay instead. We analyzed
Frontiers in Surgery | www.frontiersin.org 589
“postoperative hospital stay” and “hospital stay” under the
same category. This might be an explanation for the differing
results when analyzing all study types and randomized
controlled trials separately and needs to be considered when
interpreting the data.
CONCLUSION

SPA seems to be a safe alternative to CLA with equal risk for
wound infection. It needs to be considered that SPA takes
significantly longer operation time but leads to significantly
shorter hospital length of stay, even if the latter is of
questionable clinical importance.
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Low risk of bias, the study is comparable to a well-performed randomized trail; moderate risk of bias, the study appears to provide sound evidence for a non-randomized study but
cannot be considered comparable to a well-performed randomized trial; high of bias, the study has some important problems; unclear risk, no information.
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Anastomotic leakage is a major complication in gastrointestinal and colorectal surgery and
its occurrence increases morbidity and mortality. Its incidence is even higher in Crohn’s
disease surgeries. Several authors have identified factors involved in the pathophysiology
of anastomotic leak in the literature, aiming to reduce its occurrence and, therefore,
improve its surgical treatment. Surgical technique is the most discussed topic in studies
on guiding the performance of side-to-side stapled anastomosis. Preoperative nutritional
therapy also has been shown to reduce the risk of anastomotic leakage. Other factors
remain controversial – immunomodulator use and biologic therapy, antibiotics, and gut
microbiota – with studies showing a reduction in the risk of complication while other
studies show no correlation. Although mesenteric adipose tissue has been related to
disease recurrence, there is no evidence in the literature that it is related to a higher risk
of anastomotic leakage. Further exploration on this topic is necessary, including
prospective research, to support the development of techniques to prevent anastomotic
leakage, in this way benefiting the inflammatory bowel disease patients who have to
undergo a surgical procedure.

Keywords: anastomotic healing, inflammatory bowel disease, surgical complications, Crohn’s disease,
anastomosis, mesenteric adipose tissue, postoperative complications/prevention & control, suture techniques

INTRODUCTION

The inflammatory bowel disease (IBD) therapeutic arsenal has broadened in the last decades due to
pharmacological advances and the development of new drugs (1). Nevertheless a considerable
percentage of patients need to undergo surgical treatment one or more times during their
lifetime. From 50 to 90% of Crohn’s disease (CD) patients, will require some type of surgical
procedure along with medical follow-up and treatment period (2–4). The need to perform a
surgical procedure is about 4 times lower (approximately 18%) among patients diagnosed with
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ulcerative colitis (UC) (2). And yet, the performance of surgical
propaedeutic requires the implementation of procedures with
greater invasiveness and risk to the patients.

Implementation of surgical treatment incurs the risk of
occurrence of postoperative inherent complications, including
hemorrhage, intraperitoneal collection, wound infection and
dehiscence, fistulas, pulmonary complications, and
thromboembolic events. Among those complications, anastomotic
leakage (AL) is a major complication in gastrointestinal and
colorectal surgery and its occurrence contributes significantly to
the increase in morbidity and mortality (5).

The pathophysiology of CD involves the occurrence of acute
complications (e.g., bleeding, bowel obstruction, perforations;
severe acute colitis) and chronic complications (e.g., strictures
and stenosis, internal or external fistulas, adhesions,
abdominal masses) as well as disease forms refractory to
pharmacological therapy. Intestinal or colon resection is the
required basis of surgery in CD and the consequent need to
perform an anastomosis is a common fact during surgery.
Anastomosis and reoperation are intrinsically related. The
realization of an anastomosis increases the risk for urgent
reintervention due to AL and in long term, postoperative
recurrence typically occurs at the anastomotic site (3).

The surgically related incidence of anastomotic dehiscence in the
literature varies widely. In a recent observational study involving
more than 36.000 subjects who submitted to surgery due to
colorectal carcinoma, AL incidence was 4.1% (6). Its incidence is
even higher in CD surgeries. Recent studies enrolling CD patients
showed AL occurrence in 6.4% up to 14% of patients submitted to
surgical treatment (7–9). Therefore, surgeons are in constant
pursuit of practices to prevent AL, in this way benefiting IBD
patients who have to undergo a surgical procedure.

Mesenteric adipose tissue (MAT) and its mediators are
increasingly more implicated in CD pathogenesis. Recent
accumulating evidence also highlights the role of creeping fat
in contributing to disease recurrence, to the point that it has
become a well-known feature of CD (10, 11).

There is ample work in the literature concerning the healing
process of anastomosis and AL after colorectal surgery in the
context of neoplastic disease. However, the information on IBD
and specifically in CD surgical treatment is sparse. This article
aims to discuss and summarize the main topics present in the
literature and identify potential areas for future research on the
subject.

Despite recent advances in gastrointestinal/colorectal surgical
technique and perioperative care, anastomotic healing is still a
matter of concern in CD patients submitted to surgical
treatment and AL remains a major complication. Its etiology
is not yet completely understood. However, it is multifactorial
and not only influenced by surgery-related factors but also by
factors related to the disease and its behavior.
SURGICAL TECHNIQUE

The decision concerning anastomotic configuration depends on
the surgical team’s preference, the surgeon’s experience, the
Frontiers in Surgery | www.frontiersin.org 294
availability of surgical materials (for example staplers and
surgical threads), and the financial reality of each hospital.

Historically, hand-sewn anastomosis was the most common,
and these produced variations related to the surgical thread and
the type of stitches used. With the development and wide use of
various types of staplers, even more, possible variations were
added to this debate.

Side-to-side stapled anastomosis significantly reduces the
incidence of short-term complications in surgical patients with
CD when compared to end-to-end anastomosis (OR 0.54; 95%
CI, 0.34 to 0.83). Specifically for the AL rate, side-to-side
stapled anastomosis determines a decrease from 14.1 to 2%
(95 percent confidence interval 1.7–22.2; p = 0.02). A
reduction in mean postoperative hospital stays from 12.3 to
9.7 days (p = 0.03) was also observed (9, 12) (Figure 1A).

The technique chosen must consider the location of
anastomotic performance (accessibility), the caliber of the
intestinal segments (presence of edema may influence),
surgical contamination, and the progress of the disease.
According to the ECCO Consensus, the anastomotic diameter
is an important discrimination factor that must be considered
(13). Some authors suggest that for resections performed in
the ileum, side-to-side anastomoses are indicated, in order to
have a wider anastomotic lumen, while end-to-end
anastomoses are performed in colonic segments, which have a
larger caliber (14).

Due to the high recurrence rate characteristics of CD
pathophysiology, repeat surgery is often required. In this
sense, performing surgical procedures in CD patients with
previous intestinal resection (reoperation) is an independent
risk factor for AL and the number of previous resections is
correlated with increased risk (8) (Figure 1B).

Recently, the laparoscopic approach has become more
frequent and has become the standard of care in most
situations. Robotic-assisted surgery also has been gaining
acceptance in colorectal benignant and malignant surgery with
intracorporeal anastomosis. Evidence on digital and robotic
platform surgery applied to CD is scarce and recent, so it is
still liable to selection bias. However, it seems to point to a
lower occurrence of AL in patients undergoing robotic surgery
(15). It has also already been verified that CD patients seem
to be the most technically difficult group to apply the robotics
procedures (16, 17). Despite the numerous benefits of these
less invasive approaches, complications associated with stapled
tissue continue to be a concern.
TIMING OF SURGERY

Considering that most CD patients will require surgical
treatment over time (2–4), it becomes a persistent and
recurrent dilemma in the daily practice of the surgeon: the
decision between indicating an early surgery (incurring all the
risks related to the surgical intervention) or continuing to try
clinical treatments (at the risk of having to approach the
patient later with an even more deteriorated clinical condition).
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FIGURE 1 | Aspects of an anastomosis followed by an enterectomy for Crohn’s disease (CD). (A) Surgical aspect of the ileum affected by CD. (B) Surgical specimen
showing a longitudinal deep ulcer in the inflamed intestinal mucosa by the disease. (C) Side-to-side anastomosis. Source of the photographs: Colorectal Surgery Unit,
Unicamp.
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The literature is controversial regarding the optimal timing
of surgery. Even the period that is taken into account to
define a surgical intervention as early is inconstant, varying
from 6 to 18 months after CD diagnosis (18, 19). Earlier
surgical approaches would be related to the performance of
technically easier procedures, smaller resections and
consequently lower postoperative complications.

In a study performed by An et al., 31.3% of patients who
were initially treated with drugs for ileocolonic CD required
surgery within 5 years. In addition, patients in this cohort
who underwent early surgery demonstrated a more benign
course of the disease with fewer future surgical interventions
and fewer hospitalizations (18). A prospective randomized
controlled trial enrolling 134 localized ileocecal CD patients,
demonstrated that both early and delayed resections are
comparable in terms of their influence on the quality of life
and that early resection is more cost-effective and associated
with lower clinical recurrence (20).

Reliable predictors for the need for surgical interventions are
yet to be established, to assist the surgical decision-making and
individualize the treatment for each patient. Despite all the data
that elucidate the advantages of performing early surgical
interventions, the well-being of the patient should also be
considered, especially in terms of the psychological aspects,
Frontiers in Surgery | www.frontiersin.org 395
such as anxiety, and also the consequences of surgeries such
as the performance of stomas, the peri and postoperative risks,
in addition to the possibility of CD recurrence even after
surgical resection (21). Post-surgical complications such as
infections, bleeding, anastomotic leakage, and mortality are
questions that must be considered before choosing the
intervention, in addition to factors such as the technical skills
of the surgeons who will perform it. The final decision on the
ideal moment of surgical therapy must be individualized for
each patient, considering the characteristics of the disease,
such as its phenotype, the risk factors involved in the process,
and the patient’s opinion regarding the procedure (22).
MEDICATIONS

The indication of surgical treatment for CD patients may occur
in one of two different settings: emergent operations due to
acute decompensating or life-threatening events in patients
without a previous diagnosis, or elective operations which are
indicated due to failure of clinical treatment. This distinction
is relevant because in the latter situation, patients are in use of
one or more drugs and it may influence the anastomotic
healing process.
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Conventional treatment has evolved to induce and maintain
remission, thus avoiding complications, such as the need for
surgical interventions. If this objective is not achieved, and the
patient has to undergo surgical procedures, an evaluation of
preoperative, perioperative, and postoperative medication uses
is needed, and their implications for an increased risk of
postoperative complications must be considered (23, 24).

Corticosteroids are anti-inflammatory drugs and have been
widely used in the treatment of CD since 1950. Their use is
only indicated for induction and not for maintenance of
remission (25–28). However, they can have a negative
influence, generating surgical complications and ineffective
healing (29, 30). For elective surgeries, there is still no
consensus regarding the recommendation to reduce the doses
of corticosteroids before surgery, and in the studies that
recommend doses reduction the preoperative interval varies
from 3 to 6 weeks (13, 23, 31, 32).

Immunomodulators have been widely used for maintenance
of remission or in conjunction with biological therapy to
decrease surgical needs in CD patients. To date, studies have
shown that its use does not adversely affect postoperative
results (33, 34). Therefore, it is recommended to discontinue
thiopurines on the day of surgery and reintroduce them along
with all oral medications, if renal function remains normal.
Methotrexate can be maintained pre-and post-operatively when
the patient does not have an infection or renal failure (23, 35).

Biological medications, used in the treatment of various
immune-mediated disorders, have revolutionized the treatment
of CD. These medications are effective in containing
FIGURE 2 | Check-list to guide surgeons to avoid complications in Crohn’s diseas
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inflammation and mucosal healing and reducing
hospitalization and surgery rates (36–38). Despite the benefits
established in the literature, this therapy has already been
shown to be associated with an increased risk of postoperative
septic complications in traditional abdominal surgeries for
CD. Therefore, it is, recommended for elective surgeries to
respect the longest possible interval between doses (e.g., 4
weeks for infliximab and a minimum of 2 weeks for
adalimumab) (23, 39). Reintroduction is recommended
approximately 3–4 weeks after definitive healing of the
anastomosis (13).

Figure 2 summarizes the recommended management of
immunosuppressors and biological therapy in CD patients
who undergo abdominal surgery.
NUTRITIONAL ASPECTS

Aiming to reduce postoperative complications, surgeons have
been making efforts to act beyond the surgical technique itself
and control multidisciplinary perioperative issues to obtain
better surgical results. In this sense, there is evidence that
perioperative nutritional aspects are an important predictor of
risks and complications (40).

Preoperative nutritional status is directly related to anastomotic
healing since malnutrition directly interferes with collagen
synthesis and fibroblast proliferation (40). Impaired preoperative
nutritional status defined as anemia (hemoglobin ≤10.0 g/dL), or
hypoproteinemia (albumin ≤3.2 g/dL) is significantly associated
e abdominal surgeries that require intestinal resection and anastomosis.
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with complications (41). Preoperative hypoalbuminemia is an
independent risk factor for intraabdominal septic complications
after ileocolic resection (42, 43). These changes in perioperative
albumin levels may reflect the severity of systemic inflammation,
protein-losing enterocolopathy, malnutrition, or concurrent liver
dysfunction (42).

In the postoperative period, malnutrition characterized by
hypoalbuminemia can be a tool to identify patients at high risk
of AL. Mean serum albumin levels on postoperative days 1 and
3 are significantly lower in patients that will present AL (44).

Even so, hypoalbuminemia is not a direct marker of
preoperative nutritional status, nor is it the only biomarker
that can be used for this purpose (42, 45). Several blood
biomarkers, in addition to albumin, can be useful biochemical
indicators to characterize malnutrition, even in the presence of
chronic inflammation (e.g., pre-albumin, hemoglobin, total
cholesterol, and total protein) (45). When malnutrition is
detected in preoperative patients, nutritional optimization by
enteral nutrition (EN) or total parenteral nutrition (TPN) is
necessary to improve the surgical results reducing the overall
rate of postoperative complications including AL (46).
FIGURE 3 | Factors that may influence the effective healing of anastomosis. Sev
nutritional factors, intestinal microbiota, medications, and the tissues nearby the
BioRender.com.
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Nonetheless, further studies are needed to evaluate the best
malnutrition biomarkers directly related to AL occurrence in
CD surgeries.

The use of nutritional therapy (NT) has shown promise in
modulating the inflammation in CD patients who required
surgical resection, whether in exclusive or partial use (47, 48).
Guo et al. evaluated the use of NT using exclusive EN with a
polymeric formula that was infused continuously through a
nasogastric tube (40). Two weeks of preoperative EN
significantly increases albumin level, decreases C reactive
protein, and also decreases AL incidence (48). Nutritional
therapy in CD can reduce inflammation of intestinal and
mesenteric fat, by reducing the expression of pro-
inflammatory cytokines such as IL-1beta, IL-6, TNF-alpha,
and leptin and increasing anti-inflammatory cytokines such as
adiponectin (46, 49). This anti-inflammatory effect also may
be able to improve wound healing ability (48).

The European Society for Parenteral and Enteral Nutrition
has published guidelines addressing preoperative nutrition on
IBD. Patients with severe nutritional risk (weight loss >10%–
15% within six months; BMI <18.5 kg/m2; serum albumin
eral factors may act directly on the correct healing of anastomoses, such as
intestinal affected area such as the mesenteric adipose tissue. Created with
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<3.0 g/dL with no evidence of liver or kidney dysfunction)
should have surgery delayed for 7–14 days whenever possible
(50). This period needs to be used for EN supplementation,
and if there are any contraindications such as intestinal
obstructions or ileum or high output fistulas, TPN should be
indicated (51, 52). Although it does not specifically address
only AL, a recent and comprehensive meta-analysis enrolling
1111 CD patients showed that preoperative nutritional
supplementation through the use of EN is a positive
prognostic factor and significantly reduced the overall rate of
postoperative complications from 73.2% to 21.9% (OR = 0.09,
95% CI, 0.06–0.13, p < 0.001), when compared to the group
that received standard nutritional care. However, a consensus
about differences in specific nutrition formulations and the
duration of enteral nutrition is yet to be achieved (52).
Although the use of TPN did not reach statistical significance,
it pointed to a trend in reducing postoperative complications.

Figure 2 also summarizes the recommended management of
nutrition in CD patients who undergo abdominal surgery
(Figure 3).
GUT MICROBIOTA

Gut microbiota has gained extensive importance in IBD
pathophysiology and, thus, intraluminal microbes may also
interact and have a significant influence on the anastomotic
healing and consequently the risk of AL occurrence. An
impaired permeable intestinal barrier can lead to exposure of
the microbiota and its metabolites to various components,
therefore becoming triggers for changes in physiology and the
immune responses (53, 54).

Dysbiosis, a loss of balance of the intestinal microbiota, is
associated with several diseases, including CD, presenting an
increase in the number of pathogenic bacteria and reducing
the proportion of the beneficial ones (55, 56). Thereby, CD
patients have a reduction in bacteria of the genus Firmicutes
(57), and an increase in specimens of the Enterobacteriaceae
family (58) in their stool, when compared with healthy
individuals.

Several studies have shown a relationship between intestinal
microbiota and the healing process of anastomoses. In addition,
external environmental factors such as comorbidities and
surgeries directly impact the microbiota, being able to select
and boost colonization by species considered more aggressive
(59, 60). One of the products derived from the metabolism of
intestinal bacteria is butyrate, a short-chain fatty acid, which
acts as a source of energy for epithelial cells while decreasing
their permeability and increasing the stiffness of junctions. In
experimental studies, oral and rectal administration of
butyrate during the perioperative period of intestinal resection
demonstrated that the performed anastomoses were firmer
(61). Similarly, it was demonstrated that the oral use of pectin
in the rat model led to an increase in the production of short-
chain fatty acid, thus contributing to accelerating the healing
of the performed anastomoses (62). Although dietary factors
are implicated in CD pathophysiology, the effects of dietary
Frontiers in Surgery | www.frontiersin.org 698
interventions based on fiber substrates with pectin
supplementation are uncertain (63, 64).

Studies were also performed in humans to analyze the direct
influence of the microbiota on the anastomoses. Comparing the
microbiota of patients who had AL with that of patients whose
anastomoses healed with no sign of leakage, it has been shown
that patients with AL had lower microbial diversity and
abundance in the Lachnospiraceae and Bacteroidaceae families,
which may be directly related to AL due to its association
with mucin-degrading bacteria (65).

Despite the availability of several approaches to modulation
of gut microbiota for therapeutic benefit in CD patients (e.g.,
removal with antibiotics, replacement and reset with specific
or multiple-bacteria probiotics), results to date have not found
consistent evidence for the effectiveness of probiotics in these
patients for the prevention of postoperative complications.
Although it has been demonstrated that probiotics improve
the bacterial variety, decrease the growth of pathogenic
bacteria, and enhance the intestinal barrier, a detailed study
demonstrating its benefit in clinical practice still lacking (66).
MESENTERIC ADIPOSE TISSUE

In recent years, MAT has gained increasing importance in the
research of CD pathophysiology. Starting from the initial
observation that chronic CD patients with transmural
inflammation have MAT increasing nearby the affected
intestinal area, alterations were found among the numerous
functions of this tissue. It at least partially justifies the
variations, the severity and contributes to the understanding
of the disease.

Given the numerous mesentery intraoperative features found
by surgeons (e.g., signs of inflammation, mesenteric thickening,
edema extending circumferentially, presence of granulomata,
increased mesenteric lymphatic vessel and lymph nodes
density), it was postulated that inflammatory activity would
result of the convergence of inflammatory inputs coming from
both the submucosa and the mesentery. As a consequence,
new mesenteric excision-based surgical strategies were
formulated aiming to improve postoperative outcomes (67, 68).

Results from an international, multicenter, randomized
controlled trial protocol comparing mesenteric excision or
conservative limited resection in small intestine CD surgery,
suggest that the inclusion of the mesentery during bowel
resection improves the natural history of postoperative clinical
and surgical recurrence of CD (11). Similarly, in another
study, the mesentery resection technique was an independent
determinant of postoperative recurrence rate in ileocolic
resection for CD and the adoption of mesentery resection
reduced the reoperation rate from 40% to 2.9% (69). Although
mesenteric excision in CD may reduce postoperative disease
recurrence, there is no robust data about the occurrence of
morbidities, such as AL in cases that would require a larger
resection of this tissue.

The extension of mesenteric resection has been evaluated to
determine the effects of a more extensive or limited excision on
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early postsurgical outcomes. Available data until now shows
that extensive mesenteric resection is associated with a
longer postoperative recurrence-free survival time (70). The
involvement of MAT in CD is a fact. However, remains
uncertain adequate excision extension and is still to be
determined effects of MAT resection on the early postoperative
period and AL rates.

A configuration of antimesenteric hand-sewn functional end-
to-end anastomosis nominated “Kono-S” has been developed in
2003, based on cautious mesenteric excision, a stabilizing
structure, and a wide anastomotic lumen. Since its
introduction in Japan, its performance has spread around the
world with cumulative evidence of favorable results. Kono-S
technique is associated with a lower recurrence rate when
compared to the standard hand-sewn end-to-end anastomosis
(69, 71, 72). A recent meta-analysis enrolling 676 CD patients
not only demonstrated a very low clinical and endoscopic
recurrence rate (5% CI, 0.00–0.15) but also a small incidence
of anastomotic leakage (1% CI, 0.00–0.03) (73). In addition,
depending on the affected topography of the gastrointestinal
tract, the surgical approach will involve the resection of
specific intestinal segments and, consequently, the
performance of the corresponding anastomosis. In this
context, the literature data favors the Kono-S anastomosis
even further when performing an ileocolic anastomosis (73, 74).
FINAL CONSIDERATIONS

The pursuit for the ideal anastomosis (technically easy, without the
need for expensive materials, with a low rate of AL and low
recurrence rate) is still ongoing. Based on data available until now,
it is recommended to perform side-to-side anastomosis to obtain
lower rates of AL. The benefits of pharmacological therapies to
CD patients are irrefutable but in the perioperative setting, they
may worsen the anastomotic healing process. In this sense, it is of
extreme importance that the surgical team evaluate the
medications that the patient uses in the context of elective
surgeries to decide on their suspension or maintenance.
Moreover, preoperative nutritional therapy impacts surgical
outcomes by reducing AL rates. It is yet to be established whether
there is a specific biomarker endpoint to be accomplished before
performing elective surgeries to get lower AL rates.

Therefore, this review aimed to contribute to a better
understanding of the anastomotic healing in CD patients and
to highlight the factors that directly may affect it. CD is a
chronic inflammatory disease that still has no cure, and many
Frontiers in Surgery | www.frontiersin.org 799
patients need surgical interventions at least once during the
course of the disease. All these factors potentially involved
with anastomotic healing are important and need to be
analyzed carefully to provide a better outcome and avoid
complications (Figure 3).

Concerning future developments on this topic, differences in
intestinal microbiota have already been found between patients
who develop AL and patients who suffered no complications in
the postoperative period. This may become a future therapeutic
topic. Another target worth exploring in future studies is the
role of MAT in this whole process. MAT’s resection
demonstrably reduces disease recurrence and the need for
reoperation in long-term follow-up. However, its influence on
anastomotic healing and the relationship between the degree
of mesenteric involvement and early postoperative
complication rates in CD are two current research gaps that
have yet to be addressed in the literature.
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Mucosal healing in the gut is an essential process when it comes to chronic
inflammatory disorders such as inflammatory bowel diseases (IBD) but also
to the creation of intestinal anastomosis. Despite an improvement of surgical
techniques, the rates of anastomotic leakage remain substantial and
represent a significant health-care and socio-economic burden. Recent
research has focused on intrinsic factors such as mucosal linings and
differences in the intestinal microbiota and identified specific endoluminal
bacteria and epithelial proteins which influence intestinal wound healing and
re-establishment of mucosal homeostasis. Despite the lack of large clinical
studies, previous data indicate that the identified bacteria such as
aerotolerant lactobacilli or wound-associated Akkermansia muciniphila as
well as epithelial-expressed sialyl Lewis glycans or CD47 might be critical for
wound and anastomotic healing in the gut, thus, providing a potential novel
approach for future treatment strategies in colorectal surgery and IBD
therapy. Since microbiota and mucosa are interacting closely, we outline the
current discoveries about both subsets in this review together to
demonstrate the significant interplay

KEYWORDS

epithelial cells, mucosal healing (MH), microbiota, inflammatory bowel disease,

anastomotic leakage

Introduction

Impaired intestinal mucosal healing is a hallmark of inflammatory bowel diseases

(IBD) and anastomotic leakage. Current IBD treatment mainly focuses on the

immune system but the numbers of patients who still require surgery or suffer from

side effects remain high (1). Since the incidence of IBD is increasing worldwide and

numbers of anastomotic leakage remain significant (2, 3), insufficient mucosal healing

represents a major socioeconomic burden making the development of novel

therapeutic approaches urgently necessary to improve patient care. While endoscopic

assessment of mucosal healing represents an established parameter to evaluate disease

development (4, 5), specific treatment strategies to enhance wound healing are

lacking. Therefore, an improved understanding of interactions between various gut-

specific factors on wound healing and reconstitution of mucosal homeostasis is crucial.

The selectively and dynamically permeable barrier between luminal components and

the basolateral membrane is established and maintained by the epithelium consisting of

enterocytes and goblet cells. Intercellular connections between the epithelial cells are
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formed by intercellular junctions, namely the tight junctions,

adherence junctions, desmosomes and gap junctions (6, 7).

The goblet cells cover the intestinal epithelium with a mucus

layer, which varies in terms of thickness, organization and

composition. The small intestine is coated with a single thin,

loose and penetrable layer, probably due to the rather sparse

colonization and the antimicrobial peptides secreted from

Paneth cells (8, 9). In the colon, the mucus consists of two

layers, a loose outer layer and a dense inner layer attached to

the epithelium (10). The inner layer serves as a physical

barrier, while the outer layer provides a habitat and food

source for certain commensal microbe populations. Due to

this complexity, adequate reconstitution of the intestinal

mucosa is crucial to maintain homeostasis of epithelial linings.

The increasing relevance of intestinal wound healing given

and the significance of its dysregulation on patients (11),

future therapeutic strategies will broaden the focus on aspects

to improve mucosal repair. While this approach offers great

potential, further research is necessary to enhance our

knowledge about interactions between mucosal and luminal

factors. In this review, we address the current roles of

epithelial cells and microbiota in intestinal wound healing and

discuss potential therapeutic strategies.
Mucosal healing in the gut

Dysfunctional healing of the intestinal mucosa affects a

large spectrum of patients resulting in a significant clinical

relevance (12). Importantly, mucosal healing remains to be a

double-edged sword since it has to be taken into account that

persistent inflammation can result in uncontrolled

overstimulation of proliferative pathways leading to the

formation of neoplastic lesion and subsequent carcinogenesis.

While reasons for the initial mucosal damage can be

inflammation- or mechanical-related, mechanisms of wound

repair are largely independent of the cause and consist of a

multi-step process with various factors and cell types being

involved (13). The complex process of mucosal healing, which

needs to be clearly distinguished from the daily perpetual

epithelial renewal driven by progenitor and stem cells, is well-

regulated but dysregulation at any stage might result in

insufficient wound closure with compromised gastrointestinal

function or leakage. Importantly, maintaining adequate

mucosal homeostasis consists of more than just closure of the

epithelial lining since the intestinal mucosa is responsible to

preserve barrier function but also to transport nutrients (14,

15). While factors such as environmental aspects or vascular

insufficiency due to atherosclerosis, diabetes, aging or

smoking are also relevant for wound healing in the gut, they

are characterized by a different pathobiology and need to be

addressed systemically. In contrast, factors which can be

addressed locally and contribute to mucosal homeostasis and
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wound repair are epithelial cells and microbiota. Both sites

are interacting closely and demonstrate a significant impact

on the multi-step process of mucosal healing but despite that

fact, they have no role in current treatment concepts. While

clinicians and scientists mainly focused on interactions

between microbiota and the local immune system in the past,

recent studies have addressed the role of mucosa-associated

microbiota with the relationship between epithelial cells and

luminal bacteria being crucial for health and disease (16, 17).
The role of epithelial cells and
junctional proteins on intestinal
wound healing

The coordination of the multi-step process of intestinal

wound repair depends on the complex interplay between

epithelial cells, immune cells and microbiota (18, 19). It

consists of several overlapping stages which result in the re-

establishment of the epithelial barrier through successful

wound closure. After initial homeostasis, the inflammatory

stage is driven by mucosal injury and mainly defined by the

infiltration of neutrophils followed by macrophages and

monocytes (20). In parallel and partially triggered by

inflammation, epithelial cells remodel their cytoskeleton and

start migrating and proliferating to achieve epithelial

restitution. Finally, the restoration of mucosal homeostasis is

completed by the differentiation of wound-associated

epithelial cells (18).

Epithelial cells have an important role in segregating the

intestinal microbiota from mucosal and submucosal linings

but they are also participating in different pathways resulting

in adequate mucosal healing. Various chemokines and growth

factors are involved in the complex process of intestinal

wound repair. For instance, small GTPases of the Rho family

such as Rho and Rac contribute to the remodeling of the

cytoskeleton with epidermal growth factor (EGF) and

hepatocyte growth factor (HGF) and their signaling pathways

leading to mucosal restitution and cell proliferation (21, 22).

While the role of those factors and proteins is well

established, recent studies have focused on the role of

epithelial cells and their junctional proteins in regard to

intestinal wound repair. In line with the relevance of GTPases

mentioned before, Flemming et al. showed that loss of

Desmocollin-2 (Dsc-2), a desmosomal cadherin, significantly

delays epithelial cell migration in the gut due to the altered

activity of GTPase Rap1 (23). While it remains to be

confirmed that Dsc-2 controls Rap1 via Pkp3, the authors

also demonstrated a functional interplay between Dsc-2 and

integrin β1 and β4, thus, arguing for Dsc-2 as a key

contributor in intestinal mucosal healing. In contrast,

Desmoglein-2, another desmosomal cadherin which interacts

closely with Dsc-2, is required for intestinal barrier integrity
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(24), but no effect on mucosal healing has been demonstrated to

date, thus, underlining the complex interplays and functions of

junctional proteins.

In line with the important role of epithelial cells and

its junctions for intestinal wound repair, Reed et al.

demonstrated that epithelial-expressed CD47 significantly

effects mucosal healing in vitro and in vivo (25). While

selective intestinal knockout of CD47 resulted in decreased

mucosal healing following DSS colitis and biopsy wounding, it

was shown that CD47 regulates mucosal repair again through

a β1 integrin-dependent FAK-Src-p130Cas pathway. Similarly,

other studies provide additional evidence for a direct effect of

CD47 expression through that signaling pathway on intestinal

wound closure. CD47 might be linked to FAK via TSP-1 and

TGF-β1 but the mechanistic connection of CD47 to TSP-1

and TGF-β1 is currently missing and needs to be proven

in the future (26, 27). Interestingly, while CD47 is a

glycoprotein, the functional role of glycans located at the

intestinal epithelium in general and its effect on wound repair

in particular receives increasing attention in recent years. We

could show that targeting of sialyl Lewis glycans located on

Cd44v6 on the apical site of intestinal epithelial cells

positively effect intestinal wound healing in vitro and in vivo

(28). While sialyl Lewis glycans are highly upregulated during

chronic inflammatory bowel diseases such as Crohn’s Disease

and Ulcerative Colitis, antibody-mediated ligation of epithelial

expressed sialyl Lewis glycans significantly enhances epithelial

cell proliferation and migration by activating a signaling

pathway downstream of CD44v6 including Src-FAK (28). In

line with that, there is an increasing focus on glycolisation of

cells such as intestinal epithelial cells and its functional aspect

while the relevance of glycans in wound repair has been

addressed in other studies as well (29–31).

Based on the evidence presented above, the role of junctional

proteins connecting epithelial cells in the gut might have been

understated in the past. Future studies will demonstrate if

other proteins related to tight and adhesion junctions are not

only contributing to epithelial barrier stabilization but also to

signaling pathways resulting in adequate mucosal healing.

Following that, it might not be surprising that wound repair

and barrier function are closely related and should be

addressed collectively. However and regardless of future

studies, intestinal epithelial cells and its junctional proteins can

already be seen as major players in mucosal healing in the gut.
The role of microbiota on intestinal
wound healing

Born sterile, the neonatal intestinal tract is soon colonized

with commensal enteric bacteria. Although the temporal

patterns of colonization and the formation of a complex and

dynamic ecosystem are unique to each infant, the composition
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and functional capabilities of the microbiota resemble those of

an adult at the age of around 2.5 years (32–34). The total

number of commensal bacteria vary greatly between the

different sections of the gastrointestinal tract and reach their

peak in the ascending colon. About 2,100 species classified

into 12 different phyla were identified in humans, but 90% of

the species belong to one of the four following phyla:

Proteobacterio, Actinobacteria, Firmicutes and Bacteroidetes

(35). The symbiosis between microbiota and host is part of an

ongoing evolutionary process that established a barrier

function with a separation the colonized microbes from the

systemic tissues on the one hand, but providing a gateway for

a physiologically relevant cross-talk on the other hand.

In case of an intestinal wound due to physical trauma,

infection or inflammatory conditions, the intestinal barrier is

dysfunctional, changing the interplay of microbiota and

systemic tissue. Depending on the composition of the

microbiota prior or even immediately after wounding, healing

might be promoted or disturbed. Commensal bacteria seem to

promote the initial stage of epithelial restitution as studies in

germ-free mice showed impaired rates of epithelial cell

migration (36, 37). Cell migration is critically dependent upon

the formation of focal adhesions (38), a link between the

extracellular matrix and the cytoplasmic cytoskeleton of the

migrating cell which is controlled by an enzyme called focal

adhesion kinase. Several studies were able to show that enteric

microbiota activate focal adhesion kinase, thereby enhance

epithelial restitution and promote repair of mucosal wounds

in a redox-dependent manner (39–42). The commensal

microbiota also influences the development and training of

the innate and adaptive immune system (43). This process is

modulated by pattern recognition receptor (PPR) expressed

on intestinal epithelial cells (44). They include Toll-like

receptors (TLR) amongst others and recognize microbe-

associated molecular patterns (MAMPs) from commensal

microbiota (45). The TLR signaling regulates the production

of antimicrobial peptides, which in turn are required to

prevent microbial encroachments towards the intestinal

mucosa and thereby preserve gut homeostasis (46). However,

TLR was found to be expressed on intestinal stem cells as

well, inhibiting cellular proliferation in the intestinal crypts

by microbial ligand-mediated activation (47). Moreover,

enterocyte-specific TLR4 activation via LPS resulted in an

increase of intestinal stem cell apoptosis, following the

pathogenic pathway of necrotizing enterocolitis. On the other

hand, there are studies providing evidence, that the cytosolic

bacterial sensor Nod2 stimulates stem cell survival of

intestinal organoids upon activation by peptidoglycan motifs

(48). These muramyl dipeptides (MDP) is common on all

bacteria, but crypt resident bacteria have been identified (49)

and the released MDP may have a protective effect on

intestinal stem cells (48). The close crosstalk between

microbiota and intestinal epithelial cells seems to affect
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proliferation of enterocytes and consecutively the repair of

intestinal wound healing. However, the course for regenerative

capacity of the intestinal epithelial might be set early in life

and dependent on the microbial colonization. Germ-free born

mice co-housed with specific-pathogen free mice during

weaning, showed endured changes in gene expression,

especially erythroid differentiation regulator-1 (Erdr1). It

localizes to intestinal stem and transit amplifying cells, which

differentiate into all epithelial lineages including Paneth cells,

tuft cells, enteroendocrine cells, goblet cells, and enterocytes

along crypt-villus axis. As a consequence, mice would show

increased intestinal epithelial proliferation and regeneration in

response to mucosal damage (50).

Infiltrating immune cells, such as macrophages, are

important components of the intestinal wound healing.

Microbial metabolites or cell wall components affect the

polarization of macrophaghes to a M2 state in a mouse model

of colitis, augmenting intestinal wound healing (51). In case

of inflammation or wounding of the gut, transmigrating

neutrophils accumulate in the injured mucosa, altering the

physiological parameters of the local microenvironment,

which is mostly due to a decrease in oxygen levels resulting

from the formation of reactive oxygen species (52). In

addition, the amount of mucins, as a relevant food supply to

the microbiota, is shortened in mucosal wounds (53), thus,

affecting local microbial composition and maybe to some

extent individual wound healing. On the contrary, Wrzosek

et al. reported an increase in goblet cell differentiation and

mucus production when Bacteroides thetaiotaomicron and

Faecalibacterium prausnitzii, two short-chain fatty acids-

producing bacteria, were introduced to germ-free mice and

colonized their guts (54). Microbial metabolites seem to have

various effects on the architecture and functions of the

intestinal barrier. Short-chain fatty acids were shown to

enhance epithelial proliferation and differentiation and

support the restauration of the epithelial barrier upon tissue

damage (55, 56). In mice, Bacteroides ovatus alleviated

lipopolysaccharide-induced inflammation (57). Furthermore,

Bacteroides ovatus produces indole-3-acetic acid that most

likely promotes IL-22 production by immune cells, yielding

beneficial effects in a mice colitis model (58). In a mouse

endoscope-wounding model, creating uniform lesion in the

colonic mucosa of wild type mice, the abundance of anaerobic

bacteria (Akkermansia spp.) increased substantially in early

regenerative mucosa. In this study Akkermansia muciniphilia

was applied intrarectally and mice showed superior wound

closure and increased proliferation of enterocytes compared to

mice that received inert control. However, this effect was

dependent on the presence of the Fpr1 gene, which encodes

for a necessary protein for respiratory burst in neutrophils (52).

However, despite the great potential of the microbiota and

mucosal healing, another important aspect of microbiota-

associated wound healing is the potential association between
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microbial composition and inflammation-associated

carcinogenesis. Due to the great effects on cell proliferation and

barrier integration, specific microbial species have also been

demonstrated to facilitate the formation of pre-neoplastic

lesions with one study showing a different microbial diversity in

patients with IBD-related colorectal cancer. The importance is

further underlined by different incidences between IBD-related

colon and small bowel cancers which might be related to

differences in microbial compositions. Therefore, further

research is necessary to address this issue to evaluate the impact

of the microbial diversity on the overall IBD-cancer prognosis

as well as to identify the potential of probiotics to limit the

overgrowth of pathogenic microbial species.

In a nutshell, there is consistently increasing evidence that

intestinal wound healing is orchestrated by the microbial-

epithelial interface (Figure 1). However, due to the inter-

individual differences in the composition of the enteric

microbiota, potential dysbiosis in commensal and pathogenic

microbes and the circumstances under which the mucosal

wounding occurs will challenge the results of this

fundamental research in a bench-to-bedside translation. In

addition, the enteric microbiota generates a vast variety of

metabolites of largely unknown functions in the modulation

of host cellular events.
Future aspects

While the medical history teaches the pathophysiological

misleading thesis of monomicrobial infections (59), the results

on the fundamental research of the microbial-epithelial

interface make it hard to believe that a single pathogenic

microbe is causative for the underlying disease. While the

mere presence of a pathogen will not cause the disease, it is a

multifactorial disorder that leads to dysbiosis and ultimately

the abundance of the microbe which meanwhile gained or

activated virulence genes turning into a harmful aggressor for

the host. In surgically created intestinal wounds, the use of

antimicrobial or immunosuppressive drugs, extent and length

of surgery, and early recovery pathways including nutritional

aspects will have a relevant impact on the changes in enteric

microbiota and thus on the healing of intestinal wounds. In

endogenously developed intestinal wounds, e.g. due to

inflammatory bowel disease, changes in microbiota might be a

consequence of previous intestinal barrier breakdown as a

function of dysfunctional intercellular adhesions or misguided

inflammation. While there is data suggesting that Collagenase-

producing and antibiotic-resistant organisms are more

prevalent in anastomotic leak infections, precise adjustments

in clinical management to prevent the local dysbiosis remain

to be found (60). A promising approach seems to be a dietary

change prior to surgery showing a preventive effect in

developing anastomotic leakage after colostomy in mice (61).
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FIGURE 1

Interaction between epithelial cells, junctional proteins and microbiota on intestinal wound healing to restore mucosal homeostasis. Following
epithelial injury, proteins such as CD44v6 or CD47 are upregulated at epithelial cells adjacent to the wound. In addition, luminal microbes are in
close contact with intact epithelial cells. As a result, cell proliferation and migration is controlled and supported by the presented pathways to
restore epithelial linings.
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In addition, the transfer of living microorganisms, mostly

Lactobacillus phyla, has exerted benefical effects on mucosal

healing in murine models of DSS-colitis and gastric ulcera (62).

Besides addressing the microbiota, targeting proteins on

intestinal epithelial cells such as desmosomes, CD47 or sialyl

Lewis glycans relevant for epithelial migration and

proliferation with novel medication has great potential as well

and offers another target to improve intestinal mucosal

healing (23–25, 28). To date, current research demonstrates

great effects on wound healing but the promising results are

limited to in vivo experiments, thus, translation to clinical

studies is necessary to evaluate the disease-specific relevance

in detail. Based on the postulated results, the innovative

approach of targeting mucosal healing for therapy of IBD or

to support anastomotic healing looks to be particularly

promising. However, relevant questions such as how to obtain

adequate local levels of the applicated substance by either oral

or intravenous administration remain to be answered. In case
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of anastomotic healing, local application or injection could be

an interesting approach which needs to be evaluated as well.

Moreover, while for sialyl Lewis glycans antibody-targeting by

GM35 to block shedding of the v6 domain from CD44v6 is

necessary to support wound healing (28), for desmosomes

and CD47 upregulation is aspired (23–25). Promising

mechanisms for protein upregulation in humans are lacking,

thus, more research is necessary to develop a realistic strategy

for the latter proteins. In line with that, targeting and

enhancing the involved pathways such as the β1 integrin-

dependent FAK-Src-p130Cas pathway is an alternative which

can be translated to clinical aspects more easily. Importantly,

striving for a limited local effect of the administered agent is

particularly relevant for CD47 since it is an ubiquitously

expressed protein and a systemic impact of medical targeting

of CD47 cannot be completely estimated upfront.

Finally, and most importantly, further development of

treatment strategies does not mean to leave established aspects
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and concepts such as anti-inflammatory and

immunosuppressive medication behind but to complement

the current therapeutic regimen. Therefore, optimal disease-

specific therapy should consider all aspect of the

pathophysiology including epithelial cells, immune cells and

microbiota in the future and will combine different targets to

address mucosal healing better and to improve patient outcome.
Conclusion

Recent research has demonstrated a major role of intestinal

epithelial cells as well as microbiota on adequate mucosal

healing in the gut with a close interaction between both sites.

All targets involve the key intrinsic parameters of intestinal

wound healing: The systemic condition of the patient, the

mucosal cells, resident and transmigrating immune cells, and

the enteric microbiota, both commensal and pathogenic

(Figure 1). However, mucosal healing remains a double-edged

sword since overstimulation of proliferative pathways can

results in neoplastic lesions. Based on the postulated results, a

repetitive re-evaluation of established principles for adequate

wound repair in the gut is necessary to improve patient

outcomes and disease control in the short- and long-term. To

date, therapies of IBD and anastomotic healing mainly focus

on immunosuppression and surgical aspects. However, the

complex interplay not only of immune cells but also of

junctional proteins and microbiota needs to be addressed in

future studies and novel therapeutic protocols. Therefore,
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107
future investigators will need to consider all parameters in

trying to piece this complex puzzle together. For clinicians,

protection or restoration of the intestinal homeostasis should

be the ultimate goal in the treatment of intestinal wounds.
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