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Chapter 1:

General Introduction: an Integrated Approach to
Colorectal Anastomotic Leakage



olorectal anastomotic leakage (CAL) still remains a frequent and most dangerous
Ccomplication after gastrointestinal surgery, occurring in 4-33% patients and
contributing to one third of postoperative mortality [1]. CAL substantially prolongs hospital
stay ? by one to two weeks - and greatly increases medical costs by as much as $24,000
within the first period of hospitalization, thereby approximately tripling the expenditure

relative to that of patients without CAL [2, 3].

Due to the high risk of postoperative mortality, substantial efforts have been made
to investigate means of preventing and detecting CAL. In recent decades, however, even
with substantial improvements in surgical technique, no clear decrease in CAL rate has
been achieved [4, 5]. Much effort has been devoted to selecting patients with higher risks
of CAL, and many risk factors have been identified, such as being male [6], smoking [7],
alcohol abuse [7], obesity [8], a high American Society of Anesthesiologists (ASA) score
[9], low level (e.g. rectal) anastomosis [10], tumor stage [6], urgent operation [9], increased
blood loss [11], and prolonged duration of surgery [12] have been revealed. Previous studies
by our research group also reported several novel risk factors including after-hours surgery
[13], and long-term and preoperative administration of corticosteroids [14]. However, these
risk factors seem to cover most patients and thus may have limited value in the preoperative

selection of patients.
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To conquer CAL, it seems that simply selecting patients with high risks may be of
limited help, and that there is a more urgent need for effective strategies for preventing CAL
and for its early detection. But before such strategies can be developed successfully, we
must gain integrated insight into the etiology of CAL. To this end, this three-part thesis is
committed to provide an integrated approach to CAL, and to extend current knowledge on

its etiology, prevention, and detection.

PART I: Rat models of colorectal anastomotic leakage

There is an old Chinese saying that a handy tool makes a handy man (T AREE N
SEFELES). A major obstacle to CAL research is the continued lack of an essential tool:
a standardized and handy experimental model of CAL. Although most studies on CAL
over recent decades have used rodents, few of these animal models were validated before
application [15]. Inevitably, the wide differences between these models have compromised
the applicability of their results, partly explaining the lack of effective strategies for coping

with CAL.

In earlier work, our research group validated the first mouse CAL model by deliberately
using an insufficient number of sutures after colon transection, a process that resulted in
a 40-50% CAL rate after seven days [16]. This model made it possible for future mouse
studies to be conducted on the same basis. However, we soon noted that most rodent CAL
studies have been performed in rat models as a mouse is usually too small to allow any
further interventions beyond systematic pharmacological interventions [17]. In our battle

against CAL, the undisputed top priority was therefore to validate a novel rat CAL model.

As most of the rat colon still healed sufficiently even when an insufficient number
of sutures was applied, many early attempts were unsatisfactory [18, 19]. However, a
disadvantage of performing insufficient anastomoses without colon resection but only with
a transection is that it does not reveal the clinical condition where a colectomy rather than a
transection is usually applied to resect the diseased segment [15]. To address this issue, we

designed to validate a novel rat colorectal anastomotic leakage model (Chapter 2). While,
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as in the mouse model, this rat CAL model was developed by performing insufficient
anastomosis, we also performed a partial colectomy in this model in order to further mimic

human colorectal surgery.

The CAL model was expected to increase the incidence of intra-luminal content
leaking to the abdominal cavity and thus might result in a higher CAL rate. Several chapters
in this thesis (i.e. Chapter 2 and Chapter 11) describe our use of this model to investigate
CAL rates and mechanical strength, and also anastomotic infection and ischemia. Based
on the CAL model, we further summarize several experimental CAL models in Chapter 3
by combining the rat colectomy model with various CAL risk factors including peritonitis,

ischemia, and colitis [20, 21].

PART II1: Prevention of CAL with tissue adhesives

The validation of animal CAL models allows further tests of innovations regarding the
prevention of CAL, in which the application of tissue adhesive is an important aspect. Part

II focuses on the prevention of CAL with these tissue adhesives.

Basically, a tissue adhesive-or in many cases so-called “glue” - forms bonds with its
substrate ensuring that sufficient adhesion is generated by chemical bonds, or by physical
bonds such as hydrogen bonds or van der Waals forces [22]. It is not difficult to understand
the concept of applying tissue adhesives as anastomotic sealants, as the advantages are
evident: tissue adhesives distribute forces throughout the anastomosis evenly and non-
invasively, and the technique for applying tissue adhesive is simple and standardizable [23].
By using tissue adhesives as anastomotic sealants, surgeons may expect CAL to be reduced
and its clinical symptoms to be ameliorated. Numerous attempts have been undertaken in
this field. These are summarized in Chapter 4, which provides an up-to-date overview of the

progress on this topic.

Most tissue adhesives are either glues, which connect various wound edges with the

strong adhesives; or sealants, which cover a wound and protect it from the surrounding
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environment. Nevertheless, one type of tissue adhesive, cyanoacrylates - being invented for
industrial applications more than 60 years ago - has the features of both [24, 25]. Because of
their great adhesiveness, some of their commercial derivatives are known as “crazy glue”
or “instant glue”. They also provide a watertight sealing effect when applied topically for
skin wounds [26, 27]. Although such properties make cyanoacrylates an ideal candidate
for anastomotic sealants, the results of many early attempts were not conclusive [28-31].
We noted that the methodology of these studies varied widely, which may partly explain
the inconsistency. To verify whether cyanoacrylates are promising tissue adhesives for
preventing CAL, and whether the methodology influenced the outcomes of those studies,
Chapter 5 summarizes the experimental studies on the application of cyanoacrylates in

intestinal and colorectal anastomosis.

Our further investigations were facilitated by the results of the two reviews. One
important finding was that the adhesiveness of glues is misunderstood in much of the previous
literature, which evaluated mechanical strength of the adhesive-tissue bond immediately after
sacrifice of the animal. Such methods do not provide information on mechanical strength
directly after application, which takes place prior to adhesive bond degradation and healing
effects. The direct adhesiveness of a tissue adhesive is extremely important for the sealing of

a bowel anastomosis, since its strength is lowest directly after creation.

As the misuse of a mechanically weak sealant to repair or reinforce an insufficient
anastomosis may provide minimal additional value. Chapter 6 reports a systematic analysis
of ex-vivo tests with regard to 12 commercially available tissue adhesives directly after
application. Based on the results in Chapter 6, we select several tissue adhesives for the

subsequent studies (i.e. Chapter 7, 8, and 9).

Both the previous literature and data from Chapter 6 demonstrate that the
cyanoacrylates have the greatest adhesiveness of all tissue-adhesive categories. They
have been shown to provide polymerization quickly within one minute of application
[32] and that it is strong enough to support a sutureless anastomosis [33]. Clinical data
in pancreaticoduodenectomy also suggest that it is a promising sealant after primary
anastomosis [34]. As these results suggest that cyanoacrylate is a promising alternative to
supportive sutures in low colorectal anastomosis. Therefore Chapter 7 discusses our use
of Dermabond, the cyanoacrylate with the highest adhesiveness, to replace the sutures and

reinforce anastomosis mechanically according to the technique described by Gadiot et al.,
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which was reported to reduce the CAL rate effectively [35].

The biological properties of the tissue adhesives have been investigated as well. Our
systematic evaluation of tissue adhesives provided substantial data (unpublished data) that
enabled us to identify three tissue adhesives (i.e. TissuCol®, fibrin glue; Histoacryl® Flex,
cyanoacrylate; Duraseal®, Polyethylene glycol) that provoke the least foreign body reaction
when applied to rat colon. We therefore choose them for the subsequent tests. Many studies
have been performed with one or some of these glues under different circumstances and with
promising results [17, 33, 36-38]. In Chapter 8 and 9, we tested all these glues under the same
conditions, which allowed us to compare their biological properties. To evaluate the glues, we

chose two risk factors of CAL, i.e. peritonitis and inflammatory bowel disease (IBD).

The first model we chose (Chapter 8) was the rat caecal ligation puncture (CLP) model,
which mimics the peritonitis caused by fecal contamination [39, 40]. Performing primary
anastomosis in such circumstances is extremely challenging and still causes substantial
leakage: the 19.3% found in patients with perforated diverticulitis [41-44] is much higher

than the leakage rate of approximately 9% after a low anterior resection for rectal cancer [1].

As in contaminated surgery, IBD patients also suffer a substantial risk of short
and long-term surgical complications after operation with an overall complication rate
approximating 30% to 40%. If the patient receives high doses steroids, the rates of
infectious complications may further increase (e.g. 68%) [45, 46]. A major cause of the
infectious complications (e.g. pelvic sepsis) is leakage at the sutured or stapled anastomotic
site [45, 47]. Unlike an existing CLP model, there is no experimental model focused on the
surgical treatment of IBD. In Chapter 9 we therefore wished to validate a novel surgical

IBD model and test the three tissue adhesives in this model.

PART III: Early detection of colorectal anastomotic leakage

Although prevention of CAL is the ideal, most work on it is still at an experimental

stage. In contrast, detection of CAL is an urgent clinical question remaining unsolved. To
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date, CAL has usually been detected between day 5 and day 8, or even later after surgery [48],
with more than 50% of the cases requiring reoperation [49, 50]. With the current strategy,

many leakage cases are not detected until too late.

In most cases, conventional radiological examinations are still required to confirm the
occurrence of CAL. However decision-making on radiological examinations still depends
on the surgeon’s awareness, which is based on clinical manifestations and laboratory
tests, which are often abnormal after surgery both in CAL patients and in substantial
uncomplicated recoveries [51]. This makes diagnosis of CAL is eventually challenging:
delayed diagnosis remains common and has been ascribed to various causes [52]. In Chapter
10, as a basis for developing innovative techniques to prevent CAL, we summarize currently
available evidence regarding its detection; our aim is to provide a systematic review of the
predictive value of the diagnostic techniques for detecting CAL that are described in the

current literature.

Investigation of its etiology demonstrates that anastomotic ischemia is one main cause
of CAL [53-55]. One ideal condition for detecting CAL is therefore to provide real-time
monitoring of the wound-healing process with a laser Doppler imaging device, flowmetry or
other techniques, which may provide direct data on wound perfusion and indicate ischemia
[53-57]. While tissue perfusion can be conveniently monitored in skin wounds, evaluation
of anastomotic perfusion is not a simple task: so far, due to the large sizes of most devices,
it is still confined to intraoperative measurement [58-60]. In Chapter 11, we report our
first attempt to correlate postoperative anastomotic perfusion to anastomotic healing with
a miniaturized perfusion device. If such correlation exists, the miniaturized size of the
perfusion device may one day allow postoperative monitoring of the anastomotic healing in

human patients.

As stated above, this thesis is intended to provide an integrated approach to CAL,
and to extend current knowledge regarding its etiology, prevention, and detection. Though
unable to conquer CAL, the data we describe and report in this thesis may provide
some new perspectives on CAL, and thereby facilitate future studies. Our data appear to
encourage a reconsideration of CAL mechanism. We propose that CAL mechanism consists
three factors: communication, infection, and healing disturbances. Chapter 12 extensively
discusses an integrated approach with regard to the prevention and detection of CAL with

the three factors. Last but not least, the work of this thesis is summarized in Chapter 13.
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ABSTRACT

Background: Colorectal anastomotic leakage (CAL) is the most important
complication after colorectal surgery, accounting for one third of postoperative death.
To prevent it, abundant interventions have been tested on animal models, mostly on
rats. However, few of them have been validated. We therefore aimed to develop a new,
reproducible rat CAL model by creating the anastomosis with insufficient suturing after

partial colectomy.

Methods: To establish which number of sutures would create an acceptable leakage
rate (20% to 50%), partial colectomy in Wistar rats was performed, using 12-suture
anastomosis in the control group and anastomosis with insufficient suturing in the case
group, starting at five sutures. Seven days later, the rats were examined for the occurrence
and severity of CAL, adhesion, and anastomotic bursting pressure. When the acceptable

leakage rate was achieved, case and control series were both repeated twice.
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Results: Sixty rats were included for data analysis. On day 7, 5-suture and 12-suture
anastomosis induced respective leakage rates of 50% vs. 30%, 44.4% vs. 20%, and 50%
vs. 20% in each series. Overall, the 5-suture group (48.3%) had a significantly higher CAL
rate than the 12-suture group (23.3%, p = 0.045). It also had higher CAL severity and more
adhesions (p for both < 0.05). Its bursting pressure (116.8 + 58.9 mmHg) was significantly
lower than the 12-suture group’s (150.4 + 50.3 mmHg; p = 0.041).

Conclusion: Anastomosis with five sutures after partial colectomy provides a new,
feasible rat CAL model. Its future applications may help to improve the consistency of

CAL studies.

INTRODUCTION

Colorectal anastomotic leakage (CAL), which occurs in between 8% and 20% of low
colorectal anastomoses [1], is the most serious complication after colorectal surgery, causing
one third of all postoperative mortality [2]. It represents a defect of the bowel wall at the
anastomotic site, which leads to a communication between the intra- and extra-luminal
compartments [3]. Due to the defect, non-sterile bowel content leaks into the abdominal or
pelvic cavity, resulting in infection or even peritonitis. If not controlled in time, CAL may

lead to sepsis, multiple-organ failure, and death [4].

In order to develop effective preventive and treatment strategies for CAL, a substantial
number of interventions have been tested in different animal models[5], mostly rat models [6,
7]. However, colorectal anastomoses in previous rat studies were usually made after simple
transection or short resection [8], this technique may not be comparable to the clinical
situation as the portion of resected colonic segments is much higher in human colectomy.
Similarly, although outcomes such as anastomotic bursting pressure (ABP), collagen
content or hydroxyproline concentrations have also been used widely as primary outcome
for CAL studies, the relevance of these endpoints to the clinical leakage is still in doubt [9,

10]. Outcomes directly targeting the occurrence or severity of CAL are still lacking.

In addition to these issues, another major concern in CAL research is the reproducibility
of these rat models. For a standard CAL model, the reproducible leakage rate in different

experiments is paramount. So far, however, no rat model with technical failure, the
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important etiological factor of CAL, has been validated for its reproducibility.

To evaluate the feasibility of a rat CAL model based on technical failure, and to
demonstrate its reproducibility, we therefore performed anastomoses after partial colectomy
in a rat model that has a portion of resected colon comparable to human colectomy. We also
implemented technical failure caused by insufficient suturing to increase the leakage rate,

and used a scoring system to classify the CAL severity.

METHODS

Animals

Male Wistar rats, weight 250-350 grams, were purchased from a licensed breeder (Halan
Laboratories, Boxmeer, the Netherlands). All rats were bred under specific pathogen-
free conditions, and kept under standard laboratory conditions in individually ventilated
cages. Standard rat chow and water were supplied ad libitum throughout the experiment.
All experiments were performed according to a research protocol approved by the Ethical

Committee on Animal Experimentation of Erasmus University Rotterdam.
Study design

According to the research goal, the experiments were divided into three series
illustrated in figure 1. After test groups had been first performed to determine the proper
leakage rate, two repeat-series would take place to demonstrate the model’s reproducibility.
In the test groups, standard anastomosis was constructed with 12 sutures in the control
group, while insufficient anastomoses with 5 sutures were created in the first test-series. If
an acceptable CAL rate of between 20% and 50% was achieved in the first test group on day
7, the repeat-series would start; if not, the number of sutures in the second test group would
be reduced or increased, and the CAL rate would be determined again 7 days later. The
repeat-series would only start if the acceptable CAL rate had been reached in the test groups.
Otherwise, the experiment would have been terminated due to a poor feasibility. In the
event, the control group and the case group (with proper number of sutures) were repeated

twice in the subsequent two repeat-series, and data from all three series was analyzed. In
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each group, 10 rats were used; animal numbers were corrected for non-CAL related death.

In this study, the primary outcome was anastomotic leakage occurrence (CAL rate);
secondary outcomes were CAL score, Anastomotic Bursting Pressure (ABP), and adhesion

formation.
Surgical technique

On day 0, the rat was anesthetized using 2% isoflurane / O2 mask. After shaving,
and disinfection (70% alcohol) of the abdomen, a laparotomy was performed through a
5 c¢cm midline incision. After identification of the cecum, colon and mesenteric arteries
including the colic branch of the ileocecocolic artery, the right colic artery, the middle
colic artery, and the left colic artery were ligated (Silkam 4/0, B. Braun, Germany) or
coagulated (bipolar, Erbotom ICC 50, ERBE, Germany). The colonic segment between
1.0 cm aborally to the cecum and 0.5 cm above the caudal mesenteric artery was resected
afterwards (supplementary materials, figure 2). To prevent fecal contamination, intra-
luminal feces at the two colon margins were removed. In order to guide the anastomosis
construction, two long cotton swabs were introduced trans-anally through the distal colon,
and then into the proximal colon end. Then a full thickness end-to-end anastomosis was
created with one-layer inverting suturing (12 continuous sutures, or 5 interrupted sutures)
with Dafilon 8/0 (B. Braun, Germany) with the microscope. The first suture was positioned
at the mesenteric site, and then the other sutures were applied in an anti-clockwise sequence
and spaced equally around the whole circumference. The inverting technique was used in all
anastomoses to ensure the direct connection of the serosal layer of the two edges. After that,
the remnant colon and cecum were repositioned to avoid distortion; the colon swabs were
gently removed from the rat colon. Finally, the abdominal wall was closed in two layers
with Safil 5/0 (B. Braun, Germany). Five mL saline was injected subcutaneously to prevent
dehydration. Right after the operation animals were kept under heating lamps to prevent

hypothermia. When fully awake they were returned to their stables.
Follow up and sacrificing

During follow up, the weight of all rats was noted. On day 7, the rats were anesthetized
again, and re-laparotomy with a U-shaped incision was performed. The abdomen was first
checked for signs of CAL (defined as either fecal peritonitis or abscess formation around the

anastomosis). In order to assess the severity of CAL, a CAL grading system was developed.
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CAL severity was graded as followed: 0 = no CAL, 1 = only abscess formation around the
anastomosis, 2 = the presence of fecal peritonitis with or without abscess formation, and
4 = CAL-related death during follow up. Adhesion formation was also recorded using the
Ziihlke score [11] (table 1). Then anastomotic bursting pressure (ABP) was determined.
The pressure of the first air leakage, shown as the first significant decrease in pressure
value and maintain low pressure afterwards on pressure indicator, was considered to be
the anastomotic bursting pressure and recorded. The bursting location was recorded as “at
anastomosis” or “elsewhere”. In each rat, colonic samples were harvested for histological
examinations. Finally, the rats were euthanized by heart puncture under anesthesia. Two

observers performed all observations and evaluations for each rat during sacrificing.

To rule out any possible deleterious consequence of the ABP test on the colonic
structure and thus negatively influence the histological evaluation, the ABP test was only
performed in the test groups and the first repeat groups. In the second repeat groups, colon

samples were directly harvested for histology.
Histology

The harvested anastomotic samples, which were 1.0 cm in length (0.5 cm from
anastomosis to each end), were washed with phosphate-buffered saline, and then cut
open longitudinally. Sections with anastomosis in the middle were submitted to standard
processing for hematoxylin and eosin (HE) staining. Afterwards, sections were evaluated
and scored using the Ehrlich and Hunt numerical scale as modified by Phillips et al. [12].
The scoring system evaluated 4 aspects: inflammatory cell infiltration, fibroblast activity,
development of new blood vessels, and collagen deposition. All aspects were graded from 0
to 4 as follows: 0 = no evidence, 1 = occasional evidence, 2 = light scattering, 3 = abundant
evidence, 4 = confluent cells or fibers. The samples were scored by two independent

investigators (ZW and KL), who were blinded for the clinical findings.
Statistical analysis

Statistical analysis was performed with SPSS 20.0 (IBM Inc., Chicago, USA). Data are
presented as mean + standard deviation (S.D.) or as median or as percentage. The Mann—
Whitney test and Chi square test were used according to proper indications. All reported p

values were two-sided; a p-value < 0.05 was considered to indicate statistical significance.
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RESULTS

Overall Observation

The solid-line curves in figure 1 present the actual experimental procedures. Sixty-six
rats were used in total, in which six non-CAL related deaths occurred: 1 internal bleeding, 1
ileus, 1 abdomen wound rupture, 1 overdosed anesthesia, 2 unknown reasons. 1 rat from the

S-suture group in the first repeat-series died on day 2 due to severe fecal peritonitis.

After colectomy, all rats had diarrhea, which usually lasted for 3 to 4 days
postoperatively. All rats also lost weight, which was most significant on day 3 or 4, after
which they started to gain weight again. The weight-loss trends in the 5- and 12-suture
groups were similar. Rats with CAL had a more severe weight loss on day 3 than non-
CAL rats.

Intra-abdominal observation

Anastomotic leakage was observed in all groups (supplementary materials figure 3). In
the 5-suture group, leakage rate was 48.3% (14 out of 29), which on day 7 was significantly
higher than the 23.3% (7 out of 30) in the 12-suture group (p = 0.045, Chi square test).
In each series, the 5-suture anastomosis induced leakage rates of 50%, 44.4%, and 50%
respectively, while the 12-suture anastomosis induced 30%, 20%, and 20% leakage rates
(table 2). More severe CAL was found in 5-suture group, which had an average CAL score
of 0.67. This was significantly higher than the average of 0.27 in the 12-suture group (p =
0.027, Mann-Whitney test, table 3).

The mean ABPs in each series were listed in table 3. In total, the ABP in the 5-suture
group was significantly lower than that in the 12-suture group (116.8 = 58.9 mmHg vs.
150.4 + 50.3 mmHg, p = 0.041, Mann Whitney test). In the 5-suture group, 63.2% (12 /
19) of anastomoses burst at the site of the anastomosis during the ABP test, which was
significantly higher than 5.3% (4 / 19) in the 12-suture group (p = 0.020, Chi square test).
The ABP value in the rats with CAL (CAL rats) was significantly lower than the non-
CAL rats (94.3 = 62.3 mmHg vs. 154.0 £ 41.7 mmHg, p = 0.004, Mann-Whitney test). In
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the CAL rats, 69.2% (9 / 13) of segments burst at the site of the anastomosis, which was
significantly higher than the 28% (7 / 25) in the non-CAL rats’ (p = 0.020, Chi square test).

Most adhesions were centralized around the anastomosis, and most of them showed an
adhesion score of 3 (strong adhesions). Although the 5-suture group had significantly more
adhesions around the anastomosis than the 12-suture group (average of 3.2 vs. 2.5, p = 0.001,
Mann-Whitney test), but their severities were similar (average of 3.0 vs. 2.9, p = 0.627,
Mann-Whitney test). Comparison of the CAL rats with the non-CAL rats showed a similar
number of adhesions around the anastomosis (average number 3.1 vs. 2.7, p = 0.135, Mann-
Whitney test), while the adhesion score was higher in the CAL rats (average of 3.1 vs. 2.8, p
= 0.045, Mann-Whitney test). The rats with an adhesion score of 4 (very strong adhesions)
all leaked during follow-up.

Histology

Well-healed wounds, adhesion formation, and abscess formation around anastomoses
were all observed during the histological examination (supplementary materials, figure 4).
Comparison of the colonic sections between the samples underwent the ABP test (groups of
first test-series and first repeat-series) showed no obvious difference with those which did
not (groups of second repeat-series). Occasionally, the intervals between cells were larger in
the sections that underwent the ABP test, especially in the muscle layer; however, it did not
interfere with the scoring process. As no statistical differences were found between samples

in either the 12- or 5-suture groups, data were pooled for further comparisons.

In all groups, the medians of inflammatory cell infiltration, fibroblast activity,
neoangiogenesis, and collagen deposition were 3, 3, 2, and 2, respectively (2 = light
scattering, 3 = abundant evidence). With regard to all these parameters, these were no
statistical significant differences either between the 5- and 12-suture groups or between the

CAL and non-CAL groups.

DISCUSSION

Anastomotic leakage still remains the most serious complication after gastrointestinal
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surgery. In this study, we created a rat CAL model by means of technical failure in
combination with partial colectomy. The CAL rate significantly increased from 23.3% to
48.3% when insufficient suturing was applied, and so did the CAL score. The reproducibility
of the model was evaluated by two repeat-series. Application of this model may help to

achieve a better consistency in future studies.

Close resemblance to human disease greatly determines the quality of an animal
model. In previous CAL experimental studies, colorectal anastomosis was usually made
after simple colon transection or short length resection [7, 8]. In contrast, the resected
segments were much longer in this study, which was meant to increase the surgical-trauma
severity. Human subtotal colectomy has much higher severity of surgical trauma than minor
operations reflected by increased stress hormone and inflammatory cytokines levels (such as
interleukin-6) [13, 14], which are considered as predictors of anastomotic leakage [15, 16].
Higher levels of interleukin-6 after rat colectomy were also observed in our pilot study (data
not shown). In addition, partial colectomy in our study caused more blood loss and severer
weight loss after surgery when compared with our previous rat colon transection model [17].
Overall, the additional colon resection explains the higher leakage rate of 23.3% in our 12-

suture group when compared with that in previous studies [17, 18].

The leakage rate in 12-suture group is comparable to the human leakage rate after low
anterior resection, which varies between 8% and 20% [1, 2]. This makes it a good basic
form for studies targeting other CAL risk factors. Influences of technical failure, ischemia,
steroid administration or other risk factors might be very well evaluated in combination with
it, more rat leakage studies could be, therefore, derived from the same base. In this study,
an important etiology of CAL, technical failure, was applied. The reduction of sutures from
12 to 5 caused an increased leakage rate as high as 48.3% in the 5-suture group, proving

technical failure as the main etiology in this group.

We chose the CAL rate as the main outcome which directly targets the clinical
situation. Thus a clear definition of CAL is essential to assure the standardized evaluation
of CAL. Our research group consistently defines CAL as either fecal peritonitis or abscess
formation around the anastomosis [19]. This definition correlates with the clinical CAL
definition that was proposed by the international study group of rectal cancer, in which not
only any anastomotic defect, but also abscess formation close to the anastomosis is also

considered as CAL [3]. Our CAL definition is also supported by the histological results
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(supplementary materials, figure 4), in which abscesses with feces in the core were found
both on top of the anastomosis and also close to it. As a supplementary to CAL occurrence,
classification of CAL severity is of great importance. The CAL score system we developed
differentiated CAL severity between the 5-suture and 12-suture groups. Its further

implementation would help to obtain more integrated information of CAL.

Day 7 after surgery was used in our study for the outcome evaluation, which is
consistent with the median postoperative day of clinical diagnosis of leakage [1]. This
follow-up time also suits the outcome evaluation, as firm adhesion formation may obscure
the evaluation of anastomosis in a longer term, especially after two weeks [20]. The
combination of day 7 with a shorter follow-up time (i.e. day 3), on the other hand, may be
suggested to future studies because it provides substantial information of the acute phase of

anastomotic wound healing [21].

In most CAL studies, colonic samples were usually harvested for histology after the
ABP test, thus the question remains whether ABP would affect the histological examination.
In our study, it was possible to compare the histological manifestations of samples that
underwent the ABP test to those did not. The results support the feasibility of semi-
quantitative evaluation of HE staining after ABP testing, which may be also applicable to

other CAL studies.

On the basis of level 1b evidence [22], we chose single-layer inverted anastomoses
and a continuous-suturing pattern in the 12-suture group. The biomechanical strength of
continuous suturing was similar to that of 12-interrupted suturing in our previous study
[17], while continuous suturing was much less time consuming. All the anastomoses
in this study were performed with a microscope. Seemingly challenging though, we
found junior researchers were able to master it quickly after a few practices, resulting a
similar leakage rate and bursting pressure between different researchers in our on-going

studies (data not shown).

For future application of the CAL model, it is essential to state that the acceptable
interval we chose (20% to 50%) is not absolute, although extreme leakage rates should
be avoided because of their inevitable drawbacks. Extremely high rates are considered
to be incomparable to the clinical situation, and may cause a too high mortality during

follow up, while extremely low rates will not be cost-effective. In addition, when a certain
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intervention is applied, usually both positive and negative effects are possible to occur. CAL
experimental models with extreme leakage rates will probably obscure the global picture of

certain interventions.

CONCLUSION

Colorectal anastomotic leakage due to technical failure was consistently integrated
into a rat model by means of partial colectomy with five interrupted sutures. Application
of this CAL experimental model may help to achieve a better consistency in future rat

studies on CAL.
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Figure 1. Flow chart of the study design. The study included three series of experiments:
the test groups, the first repeat groups and the second repeat groups. The repeat groups were
initiated only when an acceptable leakage rate (20% to 50%) had been achieved in the test
groups. SN = suture number. * Acceptable CAL rate achieved. ** Acceptable CAL rate not

achieved.
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Figure 2. Schematic overview of artery distribution in rat colon; anterior view. (1).
ileocecocolic artery; (2). colic branch of ileocecocolic artery; (3). right colic artery;
(4). cranial mesenteric artery; (5). middle colic artery; (6). left colic artery; (7). caudal

mesenteric artery. (A). terminal ileum; (B). caecum; (C). proximal cutting edge; (D). colon;

(E). distal cutting edge; (F). anus.
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Figure 3: Clinical observation on day 7. A. Well healed anastomosis from 12-suture groups.
The white marker shows an inverted suture line. B Good healing from 5-suture groups.
The white marker shows an inverted suture line. C. Defect on the site of anastomosis. The
white marker shows where feces leaked out during examination. D. Abscess on the site of

anastomosis. The white marker shows an abscess.
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Figure 4. Histological observation of a well-healed anastomosis. The top side of the image
represents the extra-luminal (peritoneal) side, and the bottom part of the image represents

the intra-luminal side of the colon with mucosa.

28 Chapter 2



A. Well healed anastomosis. The black arrow shows the firmly connected anastomotic
site. Insert A.1: healing process indicated by an abundant number of fibroblasts; insert A.2:

suture surrounded by foreign body multi-nucleated giant cells.

B. Anastomosis with leakage. The red arrow shows the site of the anastomotic
connection demonstrating a lack of fibroblasts; the black arrow shows the site of abscess
formation. Insert B.1 shows the abscess formation near the anastomotic site with feces (plant
cells) in the center provoking an acute inflammatory response; insert B.2 shows the abscess
formation at the site of anastomosis with feces (plant cells) in the center surrounded by an

infiltrate of mainly neutrophilic granulocytes.

C. Anastomosis with adhesion. The red arrow shows a poorly connected anastomosis;
the black arrow shows the site of adhesion formation. The insert C.1 shows the collagen
formation due to the adhesion, note the sparse fibroblasts; insert C.2 shows the abscess

formation under the anastomosis wit necrosis and an acute inflammatory response.
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Table 1. Scored Parameter for Adhesion (Zuhlke Score)

0 No adhesions

1 Filmy adhesions: easy to separate by blunt dissection; no vascularization
2 Stronger adhesions: blunt dissection possible but partly sharp dissection possible; beginning of vascularization
3 Strong adhesions: iysis Possibie but sharp dissection oniy; clear vascularization

hardly preventable)

Very strong adhesions: lysis possible by sharp dissection only (organ strongly attached with severe adhesions, and damage to organs

Table 2. Colorectal Anastomotic Leakage (CAL) Rate and score between Groups on Day 7

5-suture

12-suture

Leakage rate Score Leakage rate Score
1st TEST 50.0% (5 /10) 0.6 30.0% (3 / 10) 0.4
1st REPEAT 44.4% (4 | 9)* 0.8 20.0% (2 / 10) 0.2
2nd REPEAT 50.0% (5 / 10) 0.6 20.0% (2 / 10) 0.2
Total 48.3% (14 /29) 0.67 23.3% (7 / 30)** 0.27#

Note: Data are presented as CAL rate (leakage number / total number), and mean leakage

score. * One death of fecal peritonitis was not included on day 7 CAL rate. ** p = 0.045,

Chi square test.# p = 0.027, Mann-Whitney test.

Table 3. Anastomotic Bursting Pressure between Groups

5-suture groups 12-suture groups P value
1st TEST 107.4 = 51.6 152.6 = 61.1 0.028*
1st REPEAT 127.2 + 67.7 148.5 + 41.7 0.483*
2nd REPEAT = =
Total 116.8 = 58.9 150.4 + 50.3 0.041*
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Chapter 3:

Summary of Rat Models Employed in the Thesis



INTRODUCTION

This thesis focuses on the prevention and detection of colorectal anastomotic leakage
(CAL), for which animal CAL models are undoubtedly essential. To date, most CAL
animal studies are performed with rat models, while unfortunately many models represent
substantial heterogeneity in their methodology, increasing the difficulty to compare results
between different models[1-3]. In Chapter 2, we reported the standard rat colectomy
model, which provides us a standardized basis for further development of CAL models.
We combined this model with various risk factors of CAL and created several CAL
models in different studies, which are described in Chapter 2, 8, 9, and 11 respectively. In
those chapters, the CAL models are often compared with other interventional groups with
preventive treatments. However, an overview of CAL models, though important, is not
available. In this respect, this Chapter summarizes these CAL models in order to provide a

better overview among those models.
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METHODS

The perioperative daily care such as living conditions, food and water supply, and
animal welfare was standard and is reported in each study respectively. The differences in the

methods are mainly represented in the surgical techniques, which are summarized as follows:

Model 1: subtotal colectomy model

Detailed methods are described in Chapter 2. In summary, the rat was anesthetized and
a laparotomy was performed through a midline incision. The mesenteric arteries including
the colic branch of the ileocecocolic artery, the right, middle, and left colic arteries were
identified and ligated (Silkam 4/0, B. Braun, Germany). The colonic segment between
1.0 cm aborally to the cecum and 0.5 cm above the caudal mesenteric artery was resected
(Figure 1). Then a full thickness inverted end-to-end anastomosis was created with one-

layer inverting suturing (12 continuous sutures) with Dafilon 8/0 (B. Braun, Germany) with

the microscope. Finally, the abdominal wall was closed.

-
-
LT LA

Figure 1. Schematic overview of artery distribution in rat colon; anterior view. (1) ileocecocolic
artery (2) colic branch of ileocecocolic artery (3) right colic artery (4) cranial mesenteric artery
(5) middle colic artery (6) left colic artery (7) caudal mesenteric artery. (A) terminal ileum (B)
caecum (C) proximal cutting edge (D) colon (E) distal cutting edge (F) anus.
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Figure 2. Inverted colorectal anastomosis in rats, using 12 sutures.

Model 2: subtotal colectomy with insufficiently sutured anastomosis

The methods are similar to the model 1, with the only difference that the anastomosis
is constructed with five interrupted sutures instead of twelve continued sutures. The first
suture was positioned at the mesenteric site, and then the other sutures were applied in an
anti-clockwise sequence and spaced equally around the whole circumference. The following

methods are the same as model 1.
Model 3: Subtotal colectomy with colitis

We developed the trinitrobenzene sulfonic acid (TNBS)-colitis-colectomy model by
combining the TNBS colitis model with our previously validated rat colectomy model [4-5].
The detailed methods are described in Chapter 9. In summary, as shown in Figure 2: (1)
seven days before the colectomy, a TNBS solution (10 mg diluted in 25% ethanol; 0.25 ml) is
injected trans-anally with a plastic cannula, causesing colon damage (d in Figure 2); (2) During
colectomy, a major part of the colon (i.e. selected with dashed line and indicated with grey
colour) is resected; (3) After colon resection, an end-to-end one-layer continuous anastomosis
(red arrow) was constructed in an inverted fashion, with an identical technique compared with

model 1. The rest of the procedures are same as compared with model 1 (Figure 2).
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Figure 3: Schematic overview of rat colon and methodology employed for the
trinitrobenzene sulfonic acid (TNBS)-colitis-colectomy model, anterior view. (A) Rat colon
before colectomy (B) Rat colon after colectomy. Anatomy: a. caecum, b. terminal ileum, c.

rectum and anus, d. colitis lesion (intraluminal).

Model 4: subtotal colectomy with ischemic anastomosis

The method is similar to model 1. However, during colectomy, the ileocolic artery
and the left colic artery are both ligated, creating an ischemic anastomosis. Such procedure
substantially decreases the blood supply to the cecum and both sites of the anastomosis. The

following procedures are the same as compared with model 1.
Model 5: colorectal anastomosis in fecal contaminated environment

The detailed methods are described in Chapter 8. To induce peritonitis, the rat caecal

ligation puncture (CLP) model was employed [6-7]. Twentyfour hours later, the rat was
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anesthetized again. The abdomen was reopened and 6 mg/kg of gentamicin (Centrafarm,
Etten-Leur, The Netherlands) was injected intramuscularly. The ligated caecum was
resected, the abdominal cavity was rinsed with at least 20mL phosphate buffered
saline (PBS; 37°C), and colorectal anastomosis was performed afterwards. Instead of a
subtotal colectomy, a colon segment of 1 cm in length was resected approximately 3 cm
proximally to the peritoneal reflection. An end-to-end one-layer continuous anastomosis
was constructed in an inverted fashion (same as model 1) with Dafilon 8-0 (B. Braun,

Melsungen, Germany). The other procedures are the same as compared with model 1.

RESULTS

We summarized the short-term (postoperative day 3) results of these five rat models
in Table 1. The data and the corresponding ranges were estimated from the raw data from
different studies performed by our research group (Chapter 2, 8, 9,11, unpublished data).
These data are not absolute but to provide an overview of the differences between the

models.

As is shown in Table 1, the perioperative mortality rate is low in the colectomy
model, while in the leakage models (i.e. model 2-5) the rates are all higher. The highest
mortality was observed in the ischemic anastomosis leakage model (model 4), in which a
mortality rate of 25% was observed (unpublished data). In the leakage models, higher rates
of anastomotic dehiscence were observed as well, which was found to be the highest in
the insufficient anastomosis leakage model (model 2). Higher rates of anastomotic abscess
formation, also with higher severity, have been observed in different studies in the leakage

models. Often large abscesses were observed during postoperative examination.

An average anastomotic bursting pressure (ABP) of 80-100 mmHg has been constantly
reported in different studies in the standard colectomy model (Chapter 2, 9, 11, unpublished
data), while ABP was much lower in the leakage models. In addition to the impaired

mechanical strength, lower anastomotic perfusion has been recorded in them as well.
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Table 1. Summarized results of the colorectal leakage rat models.

Model name Mortality rate (%) |Dehiscence rate (%)|Abscess rate (%) |Abscess severity|ABP  |Perfusion
Standard rat colectomy model <5 <10 20-40 Low 80-100 |Normal
Insufficient anastomosis leakage model* 5315 40-60 >90 High 10-40 Low
TNBS-colitis-colectomy model 55 10-30 >70 High 40-60  |Low
Ischemic anastomosis leakage model* 15-30 30-50 >80 High 40-70  |Low
Contaminated anastomosis leakage model |5-15 10-30 >90 High 1040 |N.T.

Note: * = unpublished data; N.T. = not tested; ABP = anastomotic bursting pressure; M1:
macrophage subtype 1; M2: macrophage subtype 2.

DISCUSSION

This chapter summarizes all rat models we used in this thesis to provide an overview of
them. These models targeting different risk factors of CAL respectively: with the standard
colectomy model (model 1) as the basis, the insufficient anastomosis leakage model (model
2) focuses on anastomotic failure; the TNBS-colitis-colectomy model (model 3) represents
a combination of model 1 and experimental colitis; the ischemic anastomosis leakage model
(model 4) includes anastomotic ischemia into the colectomy model; the contaminated
anastomosis leakage model (model 5), though not derived from the colectomy model,

introduces bacterial peritonitis on the basis of a transection colon anastomosis.

The model two reported in this chapter and many other insufficient anastomosis
leakage models are often challenged since surgeons would never construct an insufficient
anastomosis on purpose [8]. However, the purpose of the artificial failure is to increase
the incidence of communication between the intra- and extra-luminal compartments. The
other risk factors included in the leakage models are all based on clinical evidence [1,9-13].
Our experimental data are in line with the clinical evidence, demonstrating a satisfactory

representation of the current clinical issues by these models.

It is important to address that although varying risk factors have been introduced
in these models respectively, similar characteristics of CAL are observed including low

mechanical strength, anastomotic infection, and anastomotic ischemia. These similar CAL
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manifestations caused by various factors suggest an integrated mechanism during the

occurrence of CAL, which is discussed in detail in Chapter 12.

The advantages of using the standardized colectomy model (model 1) as a common
basis in CAL research are evident. As is shown in our results, it provides clearer
comparison. Not only in the leakage models, with a standard model as basis, results from
different studies investigating various interventions may also be compared with each
other. The standardized colectomy model has been repeated several times with consistent
data (unpublished data). We therefore encourage further applications of the model as the

conceptual basis for future studies on colorectal anastomotic leakage.
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ABSTRACT

Introduction: Anastomotic leakage (AL) in gastrointestinal (GI) surgery remains a
major problem. Although numerous studies on the role of tissue adhesives as GI anastomotic
sealants have been undertaken, no clear overview has been presented. This systematic
review aims to provide a clear overview of recent experimental and clinical research on the

sealing of different levels of GI anastomosis with tissue adhesives.

Methods: MEDLINE and EMBASE databases were searched for clinical and
experimental articles published after 2000. Articles were included only if these addressed a
tissue adhesive applied around a GI anastomosis to prevent AL or decrease leakage related
complications. Results were categorized according to level of anastomosis, category of

tissue adhesive and level of evidence.

Results: In total 48 studies were included. 3 studies were included on esophageal

anastomosis, 13 on gastric anastomosis, 4 on pancreatic anastomosis, 8 on small intestinal
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anastomosis and 20 on colorectal anastomosis. 15 of the 48 studies were on humans.

Discussion: Research on Ileal and gastric/bariatric anastomosis reveals promising
results of Fibrin Glue (FG) sealing for specific clinical indications. Sealing of pancreatico-
enteric anastomosis does not seem useful for high-risk patients, however research in this
field is limited. Ileal anastomotic sealing was promising in every included study and calls for
clinical evaluation. For colorectal anastomoses sealing with FG sealing seems more positive
than for cyanoacrylate. Further research should concentrate on the clinical evaluation of
promising experimental results as well as on new types of tissue adhesives. This research

field would benefit from a systematic experimental approach with comparable methodology.

INTRODUCTION

Each year millions of gastrointestinal (GI) anastomoses are created worldwide.
Anastomotic leakage (AL) after the creation of a GI anastomosis remains an important
complication in GI surgery. Despite years of research incidence of AL remains high,
especially after esophageal and colorectal anastomosis [1-3]. AL is known to have a
multifactorial etiology, mostly based on ischemia of the bowel endings and/or technical
failure. Many risk factors are known, and can be categorized into patient related risk
factors (i.e. co-morbidity, body mass index, drug use) and operative factors (i.e. surgeon’s

experience, after-hours surgery, anastomotic location and operating time) [2-4].

Tissue adhesives have been gaining popularity in various fields of surgical practice,
especially in skin closure. There are various types of tissue adhesives, each with their own
adhesive mechanisms and uses [5]. Basically, a tissue adhesive forms bonds with its substrate
ensuring sufficient adhesion. These bonds can either be chemical, of which covalent bonds are
the strongest, or physical, including hydrogen bonds or van der Waals forces [6]. Furthermore,
the total strength of the glue bond depends on the balance between interaction within the tissue
adhesive (cohesion) and between the tissue adhesive-substrate interface (adhesion). Tissue
adhesives can either be glues: intended to independently connect various structures (i.e. wound

edges), or sealants: used to cover and protect an anastomosis.

Except for external use, tissue adhesives can also be used intracorporeally; Various
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tissue adhesives are being used in (cardio-)vascular surgery, plastic surgery and increasingly
in surgery of the GI tract [7,8]. Tissue adhesives are promising tools for wound closure.
They distribute forces throughout the wound more evenly and non-invasively than sutures
and staples, are strong and flexible and do not interfere with the wound healing process.
Also, the technique of tissue adhesive application to the wound is easy and standardizable,

resulting in less variation in technique between surgeons.

By using tissue adhesives as sealants of GI anastomosis, enhancing standard
anastomotic techniques, anastomotic leakage might be prevented or reduced and its clinical
symptoms ameliorated. Numerous research projects have been undertaken to assess the
applicability of available tissue adhesives in GI surgery; however no recent literature

provides the surgical community with an up-to-date overview of the progress in this field.

This systematic review includes recent information on tissue adhesives with regard
to all types of anastomotic configurations in the GI tract and provides a means to discover
similarities and make comparisons between different levels of anastomoses. An overview
is provided on all available clinical and experimental research concentrating on the use of
tissue adhesives around the GI anastomosis, either as suture reinforcement or in sutureless

closure, presented by level of anastomosis and category of tissue adhesive used.

We hypothesize that the use of tissue adhesives around a GI anastomosis is a viable
concept in the prevention of anastomotic leakage and that sufficient evidence, especially
clinically, has arisen during the past years to justify the implementation of several types of

tissue adhesives for routine use.

METHODS

Search strategy

This systematic review was performed according to the PRISMA guidelines [9]. A
literature search was performed including all relevant articles from the 1st of January
2000 until the 12th of May 2011. The search was performed in EMBASE and MEDLINE
databases. Only English articles were included. Review articles and meta-analyses were

excluded.
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Study selection

Articles were included only if these addressed a tissue adhesive applied around a GI
anastomosis to prevent AL or to decrease leakage related complications. The definition of
tissue adhesive used for the purpose of this review was arbitrarily described as ‘any liquid
or gellous substance capable of adhering directly to the outer gastrointestinal tissue surface,
without the need for an extra matrix layer’. Studies on use of tissue adhesives with regard
to the treatment of GI perforations and GI fistulas were excluded, as were studies using

artificial matrix or patch mounted tissue adhesives in GI anastomosis.
The following data were extracted for the clinical studies:
First author and year of publication

Level of evidence (following the Centre of Evidence Based Medicine, University of

Oxford)
Study design
Number of subjects
Location of anastomosis in gastrointestinal tract
Anastomotic technique
Tissue adhesive used and mode of application

Definition of outcome by the authors (AL, clinical AL, radiological AL, complication

rate)
Results and statistical analysis
The following data were extracted for the experimental studies:
First author and year of publication
Study design

Number of animals per group
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Anastomotic technique
Type of tissue adhesive used and mode of application
Species

Outcome parameters for anastomotic healing (AL, anastomotic bursting pressure (ABP),

breaking strength, histology, or collagen-concentration)

Results and statistical analysis

The following search strategy was used:

(((anastom*[tw] OR Anastomosis, Surgical[mesh]) AND (Gastrointestinal Tract[mesh]
OR gastrointest* OR gastric*[tw] OR intestin*[tw] OR colorect*[tw] OR colon[tw] OR
rectum[tw] OR rectal[tw] OR esophag*[tw] OR oesophag*[tw] OR duoden*[tw])) OR
Biliopancreatic Diversion*[tw] OR Esophagoplast*[tw] OR Esophagostom*[tw] OR
Gastrectom*[tw] OR Gastroenterostomy[mesh] OR Gastroenterostom*[tw] OR Jejunoileal
Bypass*[tw] OR Pancreaticoduodenectom*[tw] OR Pancreaticojejunostom*[tw]) AND
(adhesive*[tw] OR seal*[tw] OR Glue*[tw] OR Gluing[tw] OR Tissue Adhesives[mesh])
AND (2000[pdat]:2011[pdat] ) AND english[lang]

RESULTS

An overview of all types of tissue adhesives, as mentioned in the included articles, is
provided in table 1. Results are summarized below according to level of GI anastomosis.
Results are grouped by type of research (experimental or clinical) and by tissue adhesive
category; tissue adhesive categories are only mentioned if they were used in at least one

included study.
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Tissue adhesives in esophageal surgery (table 2)
a) Experimental studies
Fibrin glue/ Cyanoacrylate

The role of sealing in esophageal surgery has been investigated experimentally by
Yurtcu et al. 10. In this rabbit study three tissue adhesives, including fibrin glue (FG) and
cyanoacrylate glue (CA), were applied on an esophago-gastric anastomosis. No AL was
observed in any of the study groups and CA showed superior histological scores and higher

bursting pressure when compared to the other groups.

b) Clinical studies
Fibrin glue

Two clinical trials have been conducted to study the use of FG in esophageal surgery in
infants. Level 1b evidence is provided in a randomized controlled trial (RCT) performed by
Upadhyaya et al. In this study the application of FG (Tisseel) to end-to-end esophagostomies
for esophageal atresia was investigated 11. The Tisseel group showed significantly less
leakage and strictures compared to the control group. A case-control study by Saldana et al.
showed significant reduction of AL after FG sealing of 14 esophagectomies with colonic

interposition 12. No clinical studies could be found on regular esophagectomies in adults.

Tissue adhesives in gastric/bariatric surgery (table 3)

No studies evaluating the use of tissue adhesives in patients undergoing gastrectomy

were found.
a) Experimental studies
Fibrin glue

FG was evaluated in two studies. In a pig model of insufficient gastro-jejunostomy,
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in which a defect was created in the anastomotic line, Bonanomi et al. and Nguyen et al.
independently showed improvement of the AL rate (from 100% to 0 % and from 83% to 0%)

after FG sealing when compared to unsealed controls 13-14 .
Cyanoacrylate

CA was tested in one study. Weiss et al. reported that sealing of the gastro-jejunal
anastomosis in a rat model with cyanoacrylate was not inferior to an unsealed anastomosis,

with regard to AL rate, stricture, peritonitis and mortality rate 15.
Other categories

In an ex-vivo pig study, Nandakumar et al. reported that the use of glutaraldehyde-
albumin glue (BioGlue) to reinforce complete and incomplete circular stapled gastro-
jejunostomies resulted in significantly increased anastomotic bursting pressure (ABP) when

compared to an unsealed control group 16.

b) Clinical studies
Fibrin glue

Clinical evidence for the effectiveness of FG is derived from nine studies, including one
level 1b RCT and six level 2b prospective cohort studies . Silecchia et al. performed the only
RCT [17].In this multicentre, prospective RCT FG was applied to both the gastrojejunal
and jejunojejunal anastomoses during (laparoscopic) Roux-en-Y-Gastric Bypass ((L)
RYGB). The differences in AL between the two groups (3/160 in control group and 1/160
in FG group) were not significant, however, the overall reoperation rate for specific early
complications (AL, internal hernia and gastrojejunal anastomotic bleeding) was lower in the
FG group (p=0.016). The incidence of major late complications was similar in both groups.
Liu et al. found, in a nonrandomized case-control study that patients in which the gastro-
jejunal anastomosis was sealed with FG after RYGB developed significantly less AL than
the unsealed controls [18]. One prospective study by Efthimiou et al., in which 474 patients
undergoing Laparoscopic Roux-en-Y Gastric Bypass received FG sealing of gastro-jejunal
anastomosis and gastric staple line, showed no effect of sealing on the incidence of AL.

However, they found that FG is associated with an increased clinical inflammatory response
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mimicking AL [19]. Four observational uncontrolled studies showed low prevalence of AL
after the use of FG in LRYGB (Sapala et al. 0% (0/738) [20], Cottam et al. 1.6% (2/126) [21],
Raquel et al. 2% (2/100) [22], Nguyen et al. 0% (0/66) 14). Retrospectively, Fullum et al.
reported three leaks in 760 (.39%) LRYGB performed by a single surgeon using FG [23].

Other categories

One case report on the use of autologous platelet gel in 10 morbidly obese patients
undergoing LRYGB reported positive effects of autologous platelet gel [24]. Contrast study
on the first postoperative day showed no AL in any patient, and no AL was seen during the

follow-up period (7 days).

Tissue adhesives for pancreatic anastomosis (table 4)
a) Experimental studies
Other categories

Argyra et al. performed a study on 10 pigs in which a sutureless pancreatico-jejunal
anastomosis with polyethylene glycol glue (PEG) was created [25]. They concluded that
the use of PEG was technically feasible, prevented AL and did not interfere with the wound

healing process.

a) Clinical studies
Fibrin glue

Clinically, level 1b evidence was derived from Lillemoe et al. who presented a RCT
with 124 patients undergoing pancreatico-duodenal resection in which the pancreatico-
jejunostomy was sealed with FG [26]. In this study on high-risk patients (i.e. soft normal
texture gland and a non-dilated pancreatic duct) FG did not reduce the incidence of
pancreatic fistula, length of hospital stay, total complications or death. Oida et al. reported
a prospective series of [26] patients undergoing pancreatico-duodenectomy and subsequent
sealing of the pancreatico-gastrostomy with FG and round ligament [27]. In this study no

leakage was seen in any patients.
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Other categories

One retrospective case-control study on 64 patients in which the pancreatico-
jejunostomy was sealed with glutaraldehyde-albumin glue (BioGlue) reported 12 leaks
and subsequent fistula formation in the control group, and 13 in the BioGlue group. This

difference was not statistically significant [28].

Tissue adhesives in small intestinal anastomosis (table 5)
a) Experimental studies
Fibrin glue

Li et al. performed two rat studies in which they combined FG with human derived
growth hormone. They found that FG benefited anastomotic healing up to five days, and
FG combined with growth hormone worked synergistically to improve anastomotic healing
up to 14 days [29]. Wang et al. also reported that FG combined with growth hormone
decreased AL and improved anastomotic healing in a pig model of traumatic shock [30].
Another study on canine jejunal anastomoses compared hemostatic and adhesive effects of
two types of FG (Greenplast and Tisseel). One case of AL was apparent in the control group
and none in the glue groups. It was reported that both glues had similar haemostatic and

adhesive properties and may be useful as anastomotic sealants [31].
Cyanoacrylate

Elemen et al. used industrial grade cyanoacrylate (Pattex) for the creation of ileal
anastomosis in a rat model [32]. In this study the glue caused less tissue damage and the
glued anastomoses healed better than the controls. Another cyanoacrylate (Glubran 2) was
evaluated by Ensiri et al. In this study jejunal anastomoses were sealed with Glubran 2
in 40 rats and ischemia reperfusion was induced prior to anastomosis creation [33]. The
authors reported that Glubran 2 significantly increased ABP either with or without existence

of ischemia/reperfusion and also increased adhesion formation around the anastomosis.

Other categories
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In a study by Sweeney et al. PEG sealant (Focalseal-L) was tested in a rabbit model for
incomplete ileal anastomosis [34]. According to this study an incomplete ileal anastomosis
sealed with Focalseal-L. was not inferior to a sutured anastomosis in terms of adhesion

formation, stenosis and ABP.

b) Clinical studies
Fibrin glue

One clinical study was performed, a level 2b cohort study by Wang et al. in which
patients with intra-abdominal sepsis underwent primary anastomosis and FG sealing [35].
They conclude that FG protected the primary anastomosis in patients with intra-abdominal

sepsis, therefore preventing the need for stoma construction.

Tissue adhesives in colorectal anastomosis (table 6)
a) Experimental studies
Fibrin glue

In this field the majority of research has been performed on rats. Several authors
performed a 1-2 cm resection and end-to-end anastomosis of the descending colon. Akgun et
al. and Girgin et al. independently reported that FG sealing of the anastomosis significantly
increased ABP after 3 and 7 days respectively, when compared with a control group [36-
37]. In another study by Giuratrabocchetta et al. three different colonic anastomosis in each
rabbit were randomized for sealing with FG or PEG sealant [38]. No differences were found
between these adhesives and the control group, regarding ABP and AL, after 15 days. In
the other included studies, anastomosis was performed at the level of the tranverse colon.
Kanellos et al. found that FG sealing resulted in significantly higher ABP compared to a
control group, however no significant differences were found in AL rate or histopathology
after 8 days [39]. In following studies by the same authors, FG protected anastomotic
healing from the adverse effects of 5-fluorocil [40], interferon-alpha-2a [41] and leucovorin
application [42]. Another study also showed that FG significantly increased ABP and also

resulted in fewer adhesions, more fibroblast production and increased neovascularisation
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[43]. Furthermore, two studies were included on the creation of a sutureless colonic
anastomosis. In one study the tensile strength of the anastomosis was lower than the
sutured anastomosis, and it caused stricture in 8.57% of cases. FG did, however, result in
lower inflammation, minor edema, quick fibrous healing and did not result in any AL [44]. In
another study, Tingstedt et al. compared three-suture ileocolic with sutureless FG anastomosis

[45]. After three and five days, no differences were found in ABP or mortality rate.
Cyanoacrylate

In two rat studies a 1-cm resection was performed in the transverse colon followed by
an end-to-end anastomosis. Bae et al. used Histoacryl Blue both as an anastomotic sealant
and for sutureless anastomosis [46]. They found no AL in any groups, but reported that the
use of CA resulted in significantly higher strictures, lower ABP and a strong inflammatory
response. Kanellos et al. created sutureless anastomosis with Dermabond [47], reporting
no difference in AL rate between controls and CA. Furthermore they found no significant
differences for the amount of adhesions, ABP and wound healing scores. In three rat studies
the anastomosis was created in the descending colon, following a 0.5-1 cm resection.
Irkorucu et al. studied the effect of GluSeal as an anastomotic sealant and for sutureless
anastomosis, following ischemia [48]. No significant differences were found in AL rate, and
in the ischemia groups no differences were found in ABP. The CA groups had significantly
less inflammatory cell presence and fibroblast infiltration in the granulation tissue than the
controls. Histoacryl Blue was also evaluated in a similar model for sutureless anastomosis
[49]. Authors found no effect on AL rate, but reported more stricture formation, adhesions
and lower ABP, when compared to the control group. Glubran 2 was also evaluated in
a clean- contaminated or bacterial peritonitis environment [50]. The authors concluded
that Glubran 2 caused increased inflammatory reaction, necrosis and adhesion formation,
especially in the bacterial peritonitis group. No differences in AL rate were reported
between groups. Nursal et al. used Dermabond to seal a high-risk three suture anastomosis
crushed by forceps [51]. The authors reported no differences in AL, but found that CA
decreased ABP at 7 days. Also, both at 3 and 7 days an ongoing inflammatory reaction and
more necrosis was seen in the CA group. Lastly, Paral et al. compared two types of CA
(Glubran 2 and Dermabond) for the creation of sutureless sigmoidal anastomoses in a pig
model [52]. They reported no AL in the Glubran 2 group, and two cases in the Dermabond
group. Also, Dermabond was linked to higher foreign body reaction and more fibrosis of the

anastomosis.
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Other categories

Ustek et al. reported that the use of polydione-liposome (PVP-1) hydrogel around a
(descending) colon anastomosis in the rat improved wound healing after 7 days, reflected by
significantly higher ABP and hydroxyproline levels in the PVP-1 group [53]. Another study
by Yol et al. compared the use of platelet rich plasma (PRP) or glutaraldehyde-albumin
glue (BioGlue) around a 6 suture anastomosis [54]. The authors reported that PRP sealing
resulted in significantly higher ABP and hydroxyproline levels when compared to the
BioGlue and control groups, after 7 days. Furthermore, the BioGlue group showed higher

infiltration of inflammatory cells, collagen and fibroblasts.

b) Clinical studies
Fibrin glue

In a prospective cohort study Huh et al. reported on 223 patients that underwent
laparoscopic low anterior resection for rectal cancer, without the use of a defunctioning
stoma [55]. Stapled anastomoses were created intracorporeally and one of two types of FG
were applied around the anastomosis via a catheter. In this study the use of FG was not

associated with a decrease in AL (5.8 % vs. 10.9%; p=0.169).

DISCUSSION

Anastomotic leakage remains an important complication in GI surgery. It is a
significant cause of morbidity and mortality, necessitating redo operations and increasing
length of hospital stay [56-57]. AL occurs in every level of GI surgery. In this review we

have addressed recent tissue adhesive research for all levels of GI anastomosis.

Esophageal: the extraperitoneal anastomosis created in the esophagus is associated
with a high incidence of AL, ranging from 10 % to 27% [58-59]. The factors involved

include poor blood supply to the esophagus, the absence of a protective omentum and the
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lack of a supporting serosal layer on the esophagus 12. Animal research supports the use of
sealing end-to-end esophageal anastomosis with CA or FG, however this finding is based
on a single rabbit study. Two RCT’s were included, which focused only on specific clinical
problems (atresia and colon interposition in the infant), reporting positive results. No studies
were found on adults or on oncological esophagectomies. Although the included RCT’s
showed that the use of FG reduced AL, conclusions may only be drawn for this small subset
of clinical problems, revealing that sealing of esophageal anastomosis with FG may be
helpful in esophageal atresia or colonic interposition in infants. Future research should focus

on the use of FG sealing after (oncologic) esophagectomies or colon interposition in adults.

Gastric/bariatric: no studies evaluating the use of tissue adhesives with regard to
gastrectomy were found. In bariatric surgery (laparoscopic) Roux-en-Y gastric bypass
((L)RYGB) staple line reinforcements and tissue adhesives are increasingly being used to
protect from staple line dehiscence and bleeding [60]. RYGB dehiscence rates vary from
0.7% to 6% [13-14, 61-62]. In two large pig studies FG was used to cover a defect in the
gastro-jejunal anastomosis and resulted in a dramatic decrease of AL. These pig studies
were well performed and provide evidence of the positive effects of FG sealing in this
field. Bioglue also proved useful in a single ex vivo study, however this was not repeated
in an in vivo model. CA was evaluated in a single rat study, which deemed it non-inferior
to conventional techniques. Of the nine included clinical studies on LRYGB, clinical
evidence is derived from one large RCT that evaluated the effect of FG sealing. The authors
of this study reported more AL in the control group, however this difference was not
significant. They did report benefits of FG use with regard to the prevention of several early
complications. This multicentre prospective trial was methodologically sound, however
sample size was not sufficient to provide firm conclusions on statistical differences between
endpoints. Furthermore, three large prospective cohorts provide inconclusive results on
the use of FG sealing after RYGB, two reporting positive results on AL rate and the other
reporting no differences when FG was applied. Interestingly the latter study also reported
that FG was associated with an increased clinical inflammatory response mimicking AL,
a finding not seen in the other studies. Several smaller series also found that FG sealing
prevents AL. One case control study showed positive results on the use of FG, however in
this study one surgeon performed all the FG operations and two other surgeons performed
the controls. One pilot study on 10 patients deemed the use of PRP helpful, however it is

questionable how much statistical power can be derived. Thus, most of the included studies
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show that FG may protect the staple line from AL after LRYGB. However, the only RCT
did not verify this but this may be due to the lack of statistical power. A new multicentre,

prospective RCT may provide the answer.

Pancreatic: pancreatic leakage and subsequent fistula formation occurs in 5% to
25% of patients undergoing pancreatico-digestive anastomosis, depending on etiology and
definition used [63]. PEG use was promising in one well-performed pig study; however
no clinical studies have been performed to assess PEG in humans. This may be a target
for future research. One well-performed RCT concluded that the use of FG sealing of the
pancreatico-jejunal anastomosis did not provide any benefits. In this study only high-risk
pancreatico-jejunal anastomoses were included, which was judged by the surgeon. Although
a higher rate of AL (postoperative fistula) was observed in the control group (24% vs
14%) there were no statistical differences between this or any other complications. A small
prospective study on a similar ‘high-risk’ patient population reported that FG did reduce
the AL rate to 0%. This was, however, a very small study which cannot provide as much
evidence as the RCT. These studies have only focussed on patients known to have a high
risk for AL; these patients had a soft texture gland. Considering the working mechanism of
a tissue adhesive, that also relies on the texture of its substrate for a sufficient bond, it can
be imagined that these high-risk patients may be less susceptible to a strong FG bond at the
anastomotic site. Future research should focus on a broader spectrum of patients, not only
high-risk patients, to test the hypothesis that FG can adhere better to a normal texture gland.
Furthermore, a small retrospective case-control study showed more pancreatic fistulas when
BioGlue was used around the pancreatic anastomosis. It seems that FG sealing does not
provide benefits for patients with high-risk pancreatico-enteric anastomosis. Research may,

however, also focus on other subsets of patients in this field.

Small bowel: small bowel anastomosis is primarily performed after resection for
inflammatory disease, after small bowel obstruction, abdominal trauma or as a part of
bariatric surgery. In addition, another important indication for ileal anastomosis is closure
of defunctioning loop ileostomy, which is associated with AL incidence of 3.0% 3. Mostly
experimental studies were found in this field. In three rat studies FG was used to seal a
primary anastomosis either after formation of an intestinal fistula or in a leaking anastomosis
model. It was observed that FG glue protects the anastomosis in both demanding
environments, with effects apparent after day 5. Interestingly, it was reported that

combining FG with growth hormone may enhance its protective effects. This may be a path
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for future research. FG was also used in a pig model, showing that FG may be used to seal
perforated bowel after an abdominal gunshot wound. Due to ease of application and speed,
tissue adhesives may indeed be useful after major trauma or even in a battlefield setting, and
future research should focus on this use. Furthermore, PEG was also used in a single rabbit
study of insufficient anastomosis and was reported to improve wound healing. More studies
should focus on PEG in this field to verify these findings. CA sealing proved positive in two
large rat studies, both in ischemia/reperfusion as in a leaking anastomosis model. Only one
human study was included, a small prospective study in which septic patients undergoing
ileal resection were sealed with FG. Patients were also given human derived growth
hormone and a relatively low rate of AL (8.3%) was seen. Although well performed, this
study does not provide substantial clinical evidence and may be a target for future research,
aiming at a large RCT. All included studies in this field showed positive results when tissue
adhesives were used to protect the ileal anastomosis. Despite these promising results more
clinical, especially level 1, studies are needed before these techniques can be recommended

for clinical practice.

Colorectal: in colorectal surgery, the reported incidence of anastomotic leakage ranges
from 5-25% with a mortality rate of up to 32% [2, 64]. This may be due to the anatomical
positioning of the colorectum, which is partly located extraperitoneally, not being accessible
to the sealing function of the greater omentum. Furthermore, ultralow anastomoses may
be affected by their lack of perfusion, due to minimal and fragile arterial supply, and their
subjection to high intraluminal pressures and peristaltic forces [65]. Along with other
known risk factors such as male gender, obesity, smoking and anastomosis under tension,
the colorectum is a fragile and precarious location for the creation of an anastomosis [2].
Until now, research has almost exclusively been performed in animals, and there is little
variation in studied tissue adhesives. Of the numerous experimental studies, most were
small rat studies either focusing on the use of FG or CA. Interestingly, all nine rat studies on
FG showed decrease of AL. In these studies only Tisseel/Tissucol FG was used, and mostly
sealing of a sufficient anastomosis was made. There were some notable differences between
these studies, as some models consisted of a 1 or 2 cm resection and others only transection
and anastomosis. Also, there were differences in sutures and numbers of sutures used, and
in one study a sutureless anastomosis was created using FG which was not inferior to the
control. CA sealing was also evaluated by experimental studies. Again, in six of the seven

studies rat models were used and in none of the rat studies positive effects of CA use were
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reported. In the only pig study included, two CA adhesives were compared, and a decrease
in AL was only seen when Glubran 2 glue was used. One clinical study was included, a
prospective study on 223 patients undergoing laparoscopic rectal surgery. The authors
used two types of FG, with no systematic randomization for type of FG. Also, there was a
large variation in the amount of FG used, varying from 1 to 2 mL, and the exact application
technique was not described. Using little amounts of FG, laparoscopically applied through a
catheter seems difficult, especially with regard to the posterior side of the anastomosis. This
study found no benefit in the use of FG. A new level 1 study might shed light on the use of
FG in this field. Concluding, the future of research in this field will entail a wider palette
of tissue adhesives, and more uniformity in animal testing methodology. Only thereafter

clinical studies may provide enough evidence for clinical use.

The field of tissue adhesives in surgery is relatively new and the adhesive market has
changed substantially throughout the years. Due to improvements in surgical adhesive
composition and characteristics, especially in the new millennium, we decided to only include
studies that were published after 2000 in this review. More detailed information on the early

period of adhesive research in GI surgery is addressed in several older reviews [5, 66].

Despite all the research that has been performed to date in the field of surgical
adhesives it remains difficult to draw conclusions on the effects of the tested tissue adhesives
on each level of GI anastomosis. The reason for this is that there is too much heterogeneity
in experimental methods between research groups. Most authors use anastomotic bursting
pressure (ABP) as a major endpoint, a test which in our opinion is useful as it reflects
the strength of the intact anastomosis. Although popular, this test has however also been
scrutinized and it has been said that ABP might not be correlated with the integrity of the
anastomosis and clinical outcome [50, 67]. We have observed great differences in ABP
test methods ranging from ABP on intact in-vivo colon with air insufflation, to the use of
dyed saline on resected colon. Furthermore, when using a tissue adhesive it is imperative
to provide details on its application; such as the amount used, layer thickness/width and the
curing time. Only a minority of authors state the abovementioned parameters, which makes
repetition of results difficult if not impossible. Also anastomotic technique should be further
standardized to make results more comparable. Especially amount of sutures used for the
sutured anastomosis vary greatly per animal model, and in the case of the sutureless (glued)
anastomosis there were variations in the use of ‘guide’ sutures at the (anti)mesenteric edges.

The most popular animal model for the creation of anastomosis is the rat. Within this model
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there are great differences, with some authors ‘devitalizing’ the wound edges by selective
devascularization or by crushing and others making a sufficient anastomosis, with variable
amounts of sutures. Our recommendation would be to standardize methodology of this type
of research, including the use of a standard animal model. FG and CA seem to be the most
popular categories of tissue adhesives at the moment. Within these categories different
formulations have produced contradicting results. In the case of CA the use of shorter
chain lengths such as n-butyl-cyanoacrylate tend to implicate more tissue toxicity and
tissue damage based on the degree of exothermic reaction. New CA’s are less histotoxic,
and more flexible than older formulations. Differences between FG are seen in the use of
antifibrinolytic agents (i.e. aprotinin), which has also been associated with adverse effects on
(experimental) colonic healing as well as hypersensitivity reactions in humans [68-69]. We
found no remarkable differences between outcomes of FG with/without aprotinin. For all
levels of anastomosis we have seen that research has focused mostly on FG and CA. Clinical
studies have almost exclusively been performed on FG, with the occasional exception of a
biologically based tissue adhesive. It seems that surgeons are still wary of chemically based
adhesives such as CA and PEG, despite positive reports from animal research. With the new
generation of CA and other new adhesive formulations on the horizon, we may also see the

first human applications.

In the future, we feel that research in this field should also provide a better perspective
on the biomechanical mechanisms of adhesiveness for the different anastomotic locations.
This may enable the development of tissue adhesives, custom made, for the various
anatomical locations or, better yet, a "universal’ glue for use in various anastomotic
locations. This will provide a better understanding of why certain tissue adhesives tend to
be more effective than others, and may provide insight into the next steps of development of

tissue adhesives for GI anastomosis.

CONCLUSION

The field of tissue adhesives is gaining ground in GI surgery. Despite years of research
the ‘ideal’ tissue adhesive is yet to be found, however the benefits of using adhesives are

becoming more apparent. The use of Fibrin Glue and Cyanoacrylate has been the main
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focus of research for the sealing of GI anastomosis until now, especially in clinical research.
Currently, it seems that FG may be an effective anastomotic sealant for specific types of
esophageal and bariatric surgery; however, contrary to our hypothesis, recommendations
for the general population are premature. Results for the sealing of pancreatic, ileal and
colorectal anastomoses remain inconclusive and are mostly based on animal studies. Future
research should concentrate on the evaluation of a wider palette of tissue adhesives, and
more level 1 studies are needed to implement tissue adhesives on a larger scale. Current
animal research on tissue adhesives may benefit from a more systematic approach, based
on basic adhesiveness mechanisms and inventarisation of existing tissue adhesives. This
interesting field is becoming increasingly popular in surgery, and this trend will continue in

future research and in clinical practice.
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FIGURES/ TABLES

615 studies identified through PUBMED
and EMBASE
500 studies excluded based on
615 studies screened > abstract and title
Y 67 full-text articles  excluded
(mainly ~ because tissue
115  full-text articles assessed  for eligibility > adhesives  were applied endoscopicaliy
or for fistula
¢ treatment)
48  articles evaiuating tissue  adhesives
around Gl  anastomoses included in qualitative
synthesis
Figure 1: Study selection for relevant articles
Table 1: Available commercial tissue adhesives per category
Fibrin glues:
Manufacturer Trade name Composition

Ethicon (J&J, USA)

CROSSEEL (USA)/ Quixil (EU)

Fibrin giue, no aprotinin, with transhexamic

acid

Baxter (USA)

Tisseel (USA)/ TissuCol (EU)

Fibrin giue, with aprotinin

Angiotech (USA)

Hemaseel APR

Fibrin glue, with aprotinin

CSL Surgery (USA)

Beriplast

Fibrin giue, with aprotinin

Guanzhou Bio Seal co (CHI)

Guanzhou Bio Seal

Fibrin giue, no aprotinin

Green cross P.D. co. (KOR) Greenplast Fibrin glue, with aprotinin
Cyanoacrylate glues:

Manufacturer Trade name Composition

Ethicon (J&J; USA) Dermabond 2-octyl-cyanoacrylate

Omnex

Zfoctyifcyanoacrylate

B.Braun (GER)

Histoacryl Blue

n-butyl-2-cyanoacrylate

GEM Italia (IT) Glubran 2 n-butyl-2-cyanoacrylate and methacryloxysulfolane
Adhezion medical (USA) Surgiseal 2-octyl-cyanoacrylate
GluStitch Inc. (CAN) GluSeal 2-octyl-cyanoacrylate
Henkel (GER) Pattex Ethyl-2-cyanoacrylate
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Polyethylene glycol:

Manufacturer Trade name Composition
Covidien (FR) Duraseal Polyethylene glycol, trilisine amine and blue dye
Duraseal Xact Idem, with N-hydroxy succinimide
Baxter (USA) Coseal Polyethylene glycol, hydrogen chloride and sodium phosphate-sodium carbonate
Polyethyl lycol, late- d ly-L-lactide and polytrimethyl
Genzyme  Biosurgery  Inc. (USA) Focalseal-L PUEPEE BT Ry polyiiactice and polytrimethylene
carbonate.
Other categories:
Manufacturer Trade name Composition
Cardial SA (FR) GRF glue Gelatin-resorcinol-formaldehyde glue
Geister GmbH (GER) Gluetiss glue Gelatin-resorcinol-glyoxal glue
Biomet (USA) GPS system for PRP glue Platelet rich plasma (PRP)
Cryolife (USA) BioGlue Glutaraldehyde-albumin glue
El tal  iodi d polyviny], lid lydi
Mundipharma GmBH, (GER) Polydione-liposome (PVP-1) emental  iodine and polyvinylpyrrolidone  (polydione)
+ liposome hydrogel
Cohera medical Inc. (USA) TissuGlu Urethane adhesive (lysine derived)

*not marketed for medical use

Table 2: Synopsis of results: esophageal anastomosis

LOE* |Author / year Model N |Tissue adhesive Methods Outcome
CA (Glubran 2)

- Yurtcu / 2010 Rabbit 24 Esophageal anastomosis +
FG (Beriplast)

1b Upadhyaya / 2007 [11] Clinical (RCT) |52 |FG (Tisseel) Esophageal anastomosis +

3b Saldana / 2009[12] Clinical 38 |FG (Quixil) Colonic interposition +

*LOE: level of evidence

Table 3: Synopsis of results: gastric/bariatric anastomosis

LOE |Author/ year Model N Tissue adhesive Methods Outcome
- Bonanomi / 2004 [13] Pig 20 FG (Tisseel) Gastrojejunal anastomosis +

= Nguyen / 2004 a*[14] Pig 16 FG (Tisseel) Gastrojejunal anastomosis +

- Weiss / 2011 [71] Rat 64 CA (Histoacryl Blue) Gastrojejunal anastomosis +/-
= Nandakumar / 2010 [16] Pig 30 BioGlue Gastrojejunal anastomosis +
1b  |[Silecchia / 2006+2008 [17,72]| Clinical (RCT) |340 |FG (Tisseel) LRYGB** +/-
3b |Liu / 2003 [18] Clinical 480 |FG (Tisseel) RYGB +
2b  |Sapala / 2004 [20] Clinical 738 |FG (Hemaseel APR, Tisseel) |Gastrojejunal anastomosis +
2b  |Cottam / 2006 [21] Clinical 126  |FG (Tisseel) Laparoscopic sleeve gastrectomy +
2b  |Raquel / 2009 [22] Clinical 100 |FG (Tissucol) LRYGB)/ Laparoscopic sleeve gastrectomy |+
2b  |Fullum / 2009 [23] Clinical 760  |FG (not specified) LRYGB +
2b  |Nguyen / 2004 b*[14] Clinical 66 FG (Tisseel) Gastrojejunal anastomosis +
2b | Efthimiou / 2010 [19] Clinical 474 |FG (Tisseel) LRYGP =
4 Brady / 2006 [24] Clinical 10 APG (autologous platelet gel) | Gastrojejunal anastomosis +

*2 part pub[ication, discussed scparatcly.

** (L)RYGB: (laparoscopic) Roux-en-Y gastric bypass
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Table 4:

Synopsis of results: pancreatic anastomosis

LOE* Author/ year Model N Tissue adhesive Methods Outcome

- Argyra [ 2009 [25] Pig 10 PEG (Focalseal L) | Pancreaticojejunal anastomosis +

1b Lillemoe / 2004 [26] Clinical (RCT) 125 |FG (Not specified) |Pancreatico-duodenectomy +/-

4 Oida / 2009 [27] Clinical 26 FG (not specified) |Pancreatico-duodenectomy +

3b Fisher / 2008 [28] Clinical 64 BioGlue Pancreatectomy -

Table 5: Synopsis of results: small intestinal anastomosis

LOE*  |Author/ year Model N Tissue adhesive Methods Outcome

- Li / 2006 [73] Rat 360 FG (Guanzhou bio seal) |Ileal anastomosis +

- Li / 2007 [29] Rat 300 FG (Guanzhou bio seal) |Ileal anastomosis;Incomplete +

- Wang / 2009 [30] Pig 63 |FG (Guanzhou bio seal) |Ileal anastomosis; gunshot wound model |+

- Park / 2002 [31] Dog 18 FG(Greenplast, Tisseel)  |Jejunal anastomosis +

- Elemen / 2008 [32] Rat 96 CA (Pattex) Ileal anastomosis +

- Ensiri / 2010 [33] Rat 40 CA (Glubran 2) Jejunal anastomosis i

- Sweeney / 2002 [34] Rabbit 24 PEG (Focalseal) Ileal anastomosisl +

2b Wang / 2007(35] Clinical 48 FG (Guanzhou bio seal) |Ileal anastomosis +

Table 6: Synopsis of results: colorectal anastomosis

LOE* |Author/ year Model N |Tissue adhesive Colonic anastomosis +

= Akgun / 2006 [36] Rat 38 |FG (TIsseel ) Colonic anastomosis +

- Capitan Morales / 2000 [44] Rat 105 |FG (Tisseel) Colonic anastomosis +

- Girgin / 2009 [37] Rat 28  |FG (Tisseel) Colonic anastomosis +

- Subhas / 2011 [43] Rat 70  |FG (Tisseel) Colonic anastomosis +

- Kanellos / 2003 [39] Rat 36 |FG (TissuCol) Colonic anastomosis +

- Kanellos / 2004 [40] Rat 64  |FG (TissuCol) Colonic anastomosis +

- Kanellos / 2007 [41] Rat 60 |FG (TissuCol) Colonic anastomosis +

= Kanellos / 2006 [42] Rat 60 |FG (TissuCol) Colonic anastomosis +

- Giurateaboechetta / 2011 [38] | Rabbit |10 | oLieuee) Eflestts cermast o
PEG (CoSeal)

- Tingstedt / 2007 [45] Rat 132 |FG (Tisseel) Tliocolic anastomosis -

- Bae / 2010 [46] Rat 60 |CA (Histoacryl Blue) Colonic anastomosis -

- Irkorucu / 2009 [48] Rat 40 |CA (GluSeal) Colonic anastomosis -

- Kanellos / 2002 [47] Rat 40  |CA (Dermabond) Colonic anastomosis +/-

- Kayaoglu / 2009 [50] Rat 80 |CA (Glubran 2) Colonic anastomosis -

- Nursal / 2004 [51] Rat 90  |CA (Dermabond) Colonic anastomosis -

- Ozmen / 2004 [49] Rat 40 | CA (Histoacryl Blue) Colonic anastomosis -

- Paral / 2011 [52] Pig | GA (Glbrn2) Clllonte amciommac + (Glubran2)
CA (Dermabond)

- Ustek / 2005 [53] Rat 70  |Povidone-liposome (PVP-T) Colonic anastomosis +

- |Yol / 2008 [54] Rat g |DoChee Cllte erecimmass + (PRP)
PRP (Autologous)

2b Huh / 2010 [55] Clinical ~ |223 |FG (Tissucol, Greenplast) Rectal cancer surgery +/-
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ABSTRACT

Background: Although cyanoacrylate glue (CA) has been widely used in various kinds
of medical applications, its application in gastrointestinal anastomosis remains limited,
and outcomes of experimental studies have not been satisfactory. This systematic review
summarizes research regarding CA application in intestinal and colorectal anastomosis, and

correlates methodological aspects to experimental outcomes.

Methods: A systematic literature search was performed using Medline, Embase,
Cochrane and Web-of-Science libraries. Articles were selected when CA was applied to
intestinal or colorectal anastomoses. Included articles were categorized according to CA

molecular structure; the method details in each study were extracted and analyzed.

Results: Twenty-two articles were included. More than half of the inclusions reported
positive outcomes (7 articles) or neutral outcomes (8 articles). Analysis of the methods

revealed that methodological details such as CA dosage, time of polymerization are not
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consistently reported. Porcine studies, inverted anastomosis, and n-butyl-cyanoacrylate
studies showed more positive outcomes; everted anastomosis, and oversized sutures may

negatively influence the outcomes.

Conclusions: Due to the positive outcome from the porcine studies, application
of CA in GI anastomosis still seems promising. To achieve a better consistency, more
methodological details need to be provided in future studies. Optimizing the dosage of CA,
choice of animal model, inverted anastomosis construction, and other method details may

improve intestinal and colorectal anastomoses with CA application in future studies.

INTRODUCTION

Cyanoacrylate (CA) was invented more than 60 years ago for industrial applications [1,
2]. Famous for its strong adhesiveness, various commercial names such as “crazy glue” or
“instant glue” are well known in daily life. Moreover, the strong adhesiveness of CA also
made it an ideal candidate for replacement of conventional sutures in medical use, such as
wound closure. In addition to a strong bond, a fully and evenly sealed anastomosis can be
created with CA, avoiding excessive tissue approximation that can induce disturbances in
the microcirculation [3, 4]. In 1998, the Food and Drug Administration (FDA) approved
Dermabond (2-octyl-cyanoacrylate) for topical skin wound closure [5], which was the first
FDA approved CA for medical use. Ever since then, more and more medical-use CA have

appeared on the market for different indications [6, 7].

Except for skin wounds, the gastrointestinal anastomosis is another important
type of wound closure. However, the use of CA in this field is still limited, and no clearly
documented clinical attempts have been made so far. Though substantial experimental
efforts have been made, the results of animal studies have not yet been encouraging. Some
experimental studies reported anastomoses could be well constructed with CA [8, 9];
while others reported a mortality rate as high as 30-40% [10, 11]. Besides large variations
in results, inconsistencies with regard to the methodology were also noticed in those
experiments. As it has been demonstrated that the anastomotic technique used in clinical

gastrointestinal surgery influences the outcomes, we hypothesized that the inconsistent
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results of experimental studies are partly due to differences in their methods. Thus, the
purpose of this systematic review is to summarize the experimental studies regarding CA
application in intestinal and colorectal anastomosis, correlating the methodological details

to the experimental outcomes.

METHODS

Search methods

This systematic review was performed according to the PRISMA (Preferred Items
for Reporting of Systematic Reviews and Meta-Analyses) guidelines [12]. The systematic
literature search was performed on the 5th of November 2012. The systematic search of
literature was performed using the databases of Medline, Embase, Cochrane and Web-
of-Science libraries. The same search strategy was used in all the databases. The search

strategy encompasses the following:

(cyanoacrylate/de OR 'cyanoacrylate derivative'/de OR 'cyanoacrylic acid octyl ester'/
de OR enbucrilate/de OR bucrilate/de OR 'poly (ethyl 2 cyanoacrylate)'/de OR (cyanoacryl*
OR 'cyano acrylate' OR 'cyanoacrylic acid' OR 'octylcyano acrylate' OR enbucrilate*
OR bucrilate* OR enbucrylate* OR bucrylate* OR butylcyanoacryl* OR fimomed OR
histacryl OR histoacryl OR sicomet OR isobutylcyanoacrylat®* OR ocrilate OR ocrylate
OR octylcyanoacrylat* OR dermabond OR omnex OR glubran OR surgiseal OR floraseal
OR 'derma flex gs' OR gluseal OR octyseal OR wormglu OR periacryl OR indermil OR
liquiand OR xion):ab,ti ) AND (‘gastrointestinal surgery'/exp OR (('gastrointestinal tract'/
exp OR 'digestive system'/exp) AND (surgery/exp OR (surg* OR operat* OR preoperat*
OR postoperat* OR perioperat* OR intraoperat®):ab,ti)) OR (((gastr* OR digestiv* OR
intestin®* OR anal OR anus OR anorect* OR rect* OR bariatr* OR pancrea® OR stomach*
OR antireflux* OR colon* OR colorect* OR bowel* OR duoden* OR esophag* OR
oesophag®) NEAR/3 (surg* OR operat* OR postoperat* OR preoperat* OR perioperat* OR
intraoperat® OR anastom™* OR suture* OR adhesi* OR glue* OR sealant®* OR hemosta* OR
coat* OR lesion* OR wound* OR dehisc* OR disattach* OR attach*)) OR vagotom* OR

colectom* OR gastrostom® OR stoma* OR appendectom*):ab,ti)
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Study selection

Two independent researchers (Z.W. and G.B.) screened all the articles (the title and the
abstract) in a standardized manner. Articles were included only if the CA glue was applied
in an intestinal or colorectal anastomosis. The search was restricted to publications in
English. Presentations, reviews and letters to editor were not included. All references from

the selected articles were screened for further possible inclusions.
Data extraction

For all selected studies, a standard data extraction form was filled in, and the following
data were extracted: year of publication, first author, subject (animal species), number of
animals, glue (chemical name), glue (commercial name), usage (CA sutureless anastomosis
/ sealant), dosage, curing time, anastomotic material (additional material to create the
anastomosis other than CA), suture material (chemical component), suture size, suturing
technique, GI level, and outcome (positive / negative, judged according to conclusions of

the articles).

RESULTS

A total number of 962 articles were found, from which 22 studies were included for
final data analysis (Figure 1). Among these, seven articles had positive outcomes; eight
had neutral outcomes; the others had negative outcomes. As is listed in Table 1, CA with
different molecular structures produced by different manufacturers were used and tested.
The included articles were divided according to the chemical structure of the CA used, and
their chemical names (commercial names if applicable) were listed. Further subdivisions
were made according to the use of CA with regard to anastomosis (sutureless anastomosis

or sealant).
Methyl-cyanoacrylate (MCA)

Four studies were included that report the use of MCA [2, 10, 11, 13]. A sutureless
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anastomosis was created in all of them, and none of these studies had positive outcomes
(Table 2).

In 1962, O’Neill et al. used MCA (Eastman 910) to create a sutureless anastomosis
in canines’ small intestine or colon. In this model, a clamp was used to construct an
everted anastomosis [11]. They found that most of the intestinal anastomoses (11 / 12)
were satisfactory and no death occurred, but 28.6% (4 / 14) of canines died when CA
anastomoses were created in the colon [11]. A similar clamp was also used by Weilbaecher
et al., who performed the intestinal anastomosis with a greater number of canines. Mortality
rate as high as 34% (34/101), and no advantage of MCA were found when compared with
conventional suture methods [10]. A high mortality rate of 22% (8 / 35) was also found
when Gennaro et al. used an intraluminal gelatin stent to create a colonic MCA anastomosis
in a rat model [2]. Different from those experiments, Linn et al. reported a canine study
[13], in which no anastomosis-related mortality occurred. Anastomoses with MCA had less
inflammation than the conventional group, but stricture occurred in 40% of the anastomoses

when a new invagination technique to construct the MCA anastomoses was used [13].
Ethyl-cyanoacrylate (ECA)

Only one study used ECA to create the CA sutureless anastomosis [3], and no study

used MCA as an anastomotic sealant (Table 2).

In 2009, Elemen et al. used ECA (Pattex) to construct end-to-end, side-to-side, or side-
to-end intestinal anastomoses in a rat model. No deaths occurred during follow up, and
no differences in bursting pressure were found between the CA anastomosis and sutured
anastomosis, while higher hydroxyproline levels (a parameter of anastomotic wound

healing) and shorter operating time were found in the CA groups [3].
N-butyl-cyanoacrylate (NBCA)

Nine studies regarding NBCA were included [8, 9, 14-20] (Table 2). Among these,
three studies focused on the sutureless anastomosis [8, 16, 17], three studies looked into
NBCA sealant [9, 18, 20], and the other three tested both applications [14, 15, 19]. In the
NBCA studies, all four large animal studies had positive results [8, 9, 14, 15], while of the

other five rat studies, only one had positive outcomes [20].

Matsumoto et al. reported a comparison between CA in different molecular structures
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(N-butyl-, Amyl-, Heptyl-cyanoacrylate) in a canine model of intestinal anastomosis. Only
NBCA showed good wound healing without stenosis after four or twelve weeks [21].
Another comparison between NBCA (Glubran 2) and OCA (Dermabond) was performed
in a porcine model [8]. The CA sutureless anastomoses were constructed in the colorectum
with a modified stapling device, in which all the staples were taken out in advance. All the
NBCA anastomoses were satisfactory, while two leakages occurred in the OCA group;
NBCA was also superior to OCA regarding to the adhesion and stenosis severity [8].
Tebala et al. also tested NBCA with different suturing techniques in a porcine model [15].
They performed 11 different types of anastomosis. Good wound healing was observed
in macroscopic, histological and angiographic examinations; foreign body reaction was
even less in the sutureless anastomosis group than the sealant group [15]. Tebala et al.
also created an insufficient anastomosis in a pig model by removing 1/5 of the sutures or
staples from a normal anastomosis [9]. NBCA was then used to seal the defect. Anastomotic

healing was sufficient, and no ileus occurred during the follow up [9].

Positive results of CA use were reported in a rat study by Ensari et al. [20]. In this
study, the authors constructed an ischemic-reperfused intestinal anastomosis and used
NBCA (Glubran 2) to reinforce it. Higher bursting pressures were found after the CA
reinforcement with or without the initial ischemic intervention, while more adhesions were
found in the CA groups [20]. Weiss et al. tested another NBCA (Histoacryl) and created
gastrojejunal anastomoses in a rat model, comparing it with resorbable sutures. In this
study, anastomotic healing regarding leakage rate, stricture, peritonitis, and mortality were
similar between both groups. The only significant difference was a shorter operating time in
the NBCA group [16]. Bae et al. tested the same glue in a rat model, in which they created
NBCA (Histoacryl) reinforced anastomoses and the NBCA sutureless anastomoses in the
rat colon. No leakage occurred in any of these groups, but more strictures, lower bursting
pressure and more severe inflammation was found in the CA reinforced group and the CA
sutureless group [19]. Similarly, a lower bursting pressure was also reported by Ozmen
et al. in a CA sutureless colonic anastomosis with two holding sutures [17]. NBCA has
also been tested in high-risk animal models. Kayaoglu et al. used 0.2 mL. NBCA (Glubran
2) as sealant to reinforce the anastomosis in a fecally contaminated environment. Similar
macroscopic wound healing and bursting pressure were found on day 3 and day 7 in both
the CA group and the suture group; however, more inflammation and necrosis were found in

the CA group [18].
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Iso-butyl-cyanoacrylate (isoBCA)

Four studies regarding isoBCA were included [22-25], of which no study had positive
results. Dating back to 1980, Kirkegaard et al. used iSoBCA to create the sutureless
anastomosis with a gelatin stent [25]. They found more stenosis and inflammation in the CA
group, however these complications were significantly reduced when the CA anastomosis

was covered with an omental tag [25].

High mortality was reported by all the other isoBCA studies. Stirling et al. used
iSoBCA to create the sutureless everted anastomosis, which resulted in a mortality rate of
27.0% (10/37) of canines [22]. In 1968, Hale et al. first used a rat model to compare the
influence of isoBCA as sutureless anastomosis or as suture reinforcement. Twelve of 16
canines (75%) died in the sutureless anastomosis group, while conventional anastomoses
or CA reinforced anastomoses were mostly satisfactory [23]. In 1971, Uroskie et al. used a
canine model and performed two intestinal anastomoses in each animal, in which the distal
anastomosis was sealed with isoBCA. Sixty percent (9/15) of the animals died during the
follow-up due to anastomosis-related complications, mostly due to AL in the CA reinforced

anastomoses [24].
2-octyl-cyanoacrylate (OCA)

Three studies on OCA were included [26-28]. None reported additional advantages in

anastomotic healing when OCA was applied.

Kanellos et al. resected a segment of 1.0 cm in the rat transverse colon, and randomly
chose OCA (Dermabond) or sutures to create the sutureless anastomosis. Similar leakage rates,
bursting pressures and histological results were found between the CA and suture groups [26].
In 2009 Irkorucu et al. also used OCA (Gluseal) to seal or construct rat colonic anastomoses
after inducing wound ischemia. Similar bursting pressure and hydroxyproline concentrations
were found between groups, while more adhesions were found in the CA reinforced and
the sutureless groups than the conventionally sutured groups [28]. However, in an ischemic
anastomosis model by Nursal et al., the mechanical strength of the OCA (Dermabond)
anastomosis was significantly lower on day 7 than the conventionally sutured groups;

furthermore, a higher inflammatory response and necrosis were found in the OCA group [27].
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Other

Galvao et al. used CA to assist a cuff apparatus to create an invaginated anastomosis
on rat intestine. The chemical structure of the used CA was not described in this study, but
satisfactory anastomoses were still found in both macroscopic and histological evaluations,
the CA anastomosis also cost much less time. However, after one and three days, tissue

lesions due to CA toxicity were observed [29].
METHOD DETAILS

As is shown in Table 2, methodological details of each included study were listed.
These details mainly focused on the material and technique used for the anastomosis

construction.
CA dosage and curing time

Of all 22 included studies, only four studies specified the amount of CA used in each
anastomosis. One study used 1.0 mL CA to create the sutureless anastomosis in a pig model
[8], obtaining positive outcomes. 0.5 mL and 0.2 mL CA were also used in three rat models
for creating sutureless anastomoses or as an anastomotic sealant [18, 20, 27]. In these rat

studies, only one reported positive conclusions [20].

Only eight studies listed the curing time after CA application, which varied from 10
seconds to 4 minutes [2, 10, 11, 16, 22, 24, 29].

Animal species

Three different animal species were used in the included studies. Most studies used
animal was the rat (14 studies), and four of them had positive outcomes [3, 20, 25, 29].
Six canine studies were included. All of them were performed in the 1960°s and 1970’s,
while only one had positive conclusions [14]. Only three porcine studies were included, all

showing positive conclusions [8, 9, 15].
Anastomotic construction

Fourteen studies described or had figures demonstrating the anastomotic pattern such

as inverted (serosa to serosa), everted (mucosa to mucosa) or invaginated (mucosa to serosa)
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anastomosis. Six studies employed an inverted anastomosis [8, 9, 15, 16, 18, 24], among
which three had positive outcomes [8, 9, 15]. Five studies used an everted anastomosis [2,
10, 11, 19, 22]; none of these had positive results. Three studies constructed an invaginated

anastomosis [13, 14, 29], and two of them showed positive outcomes [14, 29].

Sutureless anastomosis constructed with CA was tested in 18 studies, of which five
reported positive outcomes [3, 8, 14, 15, 29]. Different materials such as clamps, stents,
modified staplers or holding sutures were used to approximate the two cutting edges, as
is shown in Table 2. Within those materials, none of the studies that used an anastomotic
clamp (3 studies [10, 11, 22]) showed positive outcomes. In the other studies which used
holding sutures or a modified stapler to create CA anastomosis, mostly the canine and
porcine studies (3/4) had positive results [8, 14, 15]. In the contrast, only one rat study (1/8)

with holding sutures had positive results [3].

Nine studies tested CA as a sealant after construction of a primary anastomosis; among
these, four reported positive results (two porcine studies [9, 15], one rat study [20]). Most
of these studies used different suture materials (silk, polypropylene or glycolic acid) and
varying suture techniques for the construction of the primary anastomosis. Except for
materials, different suture sizes were tested as well. Two porcine studies used 3/0 sutures,
both of these having positive outcomes [9, 15]. Five studies used 5/0 or 6/0 sutures, mostly
in rat models [18, 19, 23, 24, 28], and none of them conclude positively. One rat study used

7/0 sutures, and it had positive outcomes [20].

Discussion

Substantial efforts have been made to test the feasibility, effect and safety of the use
of CA in intestinal and colorectal anastomosis. Using CA as suture-replacement, early
experiments in the 1960s and the 1970s failed to create a successful sutureless anastomosis
[10, 30], some recent results, though promising, still vary from one to another. Previous
opinions mainly put the blames on the chemical characteristics of CA [2, 7]. Indeed, intra-
abdominal (actually intra-peritoneal) application of CA is distinct from its topical use

such as skin wound closure, because intra-abdominally applied CA can only be absorbed,
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metabolized, and degraded by the body instead of falling off by itself. However, this still
does not explain everything, as most current available CA contain longer molecular chain,
which are less toxic than short length CA [7]. Creating anastomoses with artificial materials
not only requires a good mechanical strength, but should also induce a good physiological
wound healing which eventually supports the bowel continuity and biomechanical strength
by itself. All these influences indicate the importance to investigate methodological details
in CA application, such as selection of CA molecular structure, dosage, animal model,
and anastomotic technique. With this aim, this review summarizes the studies regarding
application of CA in intestinal and colorectal anastomosis, linking the method details to
the outcomes. We found that these studies contained great inconsistencies in the methods.
Furthermore, some important factors and details in the methods might influence outcomes,

which are discussed respectively below.
CA molecular structure

CA was tested as a potential suture replacement because of its strong adhesiveness,
which makes it possible to seal a technically flawed anastomosis, and even to create a
sutureless anastomosis. Our previous ex-vivo study showed that adhesiveness is similar
among different types of CA, but is much stronger than that adhesive strength in other
categories of tissue adhesives (unpublished data). When choosing CA for specific surgical
applications, it is therefore more important to take other factors into account, such as tissue

toxicity [31, 32].

In general, shorter chain CA monomers (i.e. methyl-cyanoacrylate) create significant
amounts of heat during polymerization, and are known to degrade into toxic end-products,
resulting in severe tissue reaction and inflammation, while longer chain-length CA is
associated with more hydrophobic and bacteriostatic properties and less tissue toxicity [2,
7]. However, in intestinal and colorectal anastomoses, data from the studies that compared
different CA seem to prefer in NBCA to other shorter or longer monomers [21, 27, 33]. Our
results in this review also agree with this, as most CA studies with MCA, isoBCA or OCA
had negative outcomes, and more than half of the NBCA studies reported positive ones
[8, 9, 14, 15, 20]. Nevertheless, one must note that, with the current limited data, it is still
too early to conclude which CA is the best for intestinal and colorectal anastomoses. The
biological properties of CA are influenced not only by its molecule structure, but also by the

additional components added into the adhesives. Developments in biochemistry may bring
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further improvements in CA molecule structure for specific use as intestinal and colorectal

anastomotic.
CA dosage

As well as the molecular structure, an important role in the tissue reaction of CA is
also played by CA dosage. Unfortunately most studies did not provide details on this.
One can imagine that an overdose of CA, comparable to a very high number of sutures or
staples around the anastomosis, may lead to more side effects rather than a further increase
in anastomotic strength. As CA is known to react exothermically during polymerization,
CA overdose may cause direct tissue damage during polymerization, and increase adhesion

formation, lengthening the long-term degradation time.

The currently available information is not enough to allow an analysis of the optimal
amount of CA for intestinal and colorectal anastomosis in different animal models.
According to the study of Paral et al., 1.0 mL of CA should be enough to construct a
sutureless anastomosis in the porcine model [8]. Compared with the dosage for porcine
anastomosis, 0.5 mL and 0.2 mL. CA might be too much for rat anastomosis, as the rat colon
is more than ten times smaller. Some clues on optimal CA dosage can be found from data
in vascular surgery, where only 0.4 ul CA was enough to create vessel anastomosis in rats
[34]. While the manufacturers’ original applicator can be directly used in porcine or other
big animal models, a small syringe with a blunt needle is recommended in rodent models to

ensure accurate CA application.
Animal model

Not only due to the poor outcomes from the previous literatures, but also because of
ethical concerns, canine models might not be suitable for future CA studies. This review
shows that all previous studies using porcine models had positive results, implying that
this might be the best large animal model for future CA studies regarding to intestinal and
colorectal anastomosis. This is also supported by the previous systematic review, which
also found the porcine model to be superior to those with other animal species, as the pig’s
GI tract is much more similar to a human’s than a rodents’ [35]; this enables human-size
surgical tools and human-dose CA to be used directly on porcine. However, the high costs
of large animal models result in most animal studies on CA being performed on rat models.

As stated earlier, most of the previous rat studies in this field were not a success. This is
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most probably due to the small size of the rat. Almost all techniques, and also the material

size and dosage will thus need to be specifically adjusted for rats.
Anastomotic technique

Construction of a successful anastomosis is not simply connecting two endings together
and reaching a mechanical strength as high as possible. A good and safe physiological
wound healing without complications (i.e. anastomotic leakage, adhesion, stenosis) is
more important from a clinical perspective [36]. For anastomosis of the digestive tract,
the inverted-suture technique has been demonstrated to lead to a sufficient biomechanical
strength as well as a better wound healing than the everted pattern; invaginated anastomosis
is hardly used in clinic due to higher risks to develop stenosis and other complications
[36-39]. Outcomes from CA research also confirm this, as all the studies using everted
anastomosis had negative results, while more than half of those using inverted anastomosis
had positive outcomes [8, 9, 15]. Comparing data from the included studies, we recommend

that an inverted-suturing technique should also be used in future CA studies.

Overall, the use of CA in intestinal and colorectal anastomosis has two functions: to
construct a sutureless anastomosis, or to reinforce a primary anastomosis as an anastomotic
sealant. For sutureless anastomosis, various materials have been used to approximate the
two bowel endings before CA application. Among these materials, the modified circular
stapler (in which the staples are removed prior to use) in large animal models might be a
good option because the CA can easily be applied on the inverted anastomosis [33]. As
a small stapler for rodents is lacking, the use of holding sutures was described in most of
the rat studies. However, it does not yet seem to be satisfactory according to our results.
One possible reason is that the holding sutures are not able to guarantee the inverted
connection, thus creating an everted anastomosis that may complicate wound healing if
CA is polymerized between the two wound edges. Also, instructions for topical usage of
CA in skin wound closure indicate that the application of CA between the wound edges
should be prohibited [7]. To ensure an inverted anastomosis, a special stent might be a good

replacement for holding sutures, but more work on this is still required.

For the use of CA as a sealant, the suture material and its size are also important
factors for a good anastomosis. Our data shows that 3/0 sutures, often used in human

intestinal and colorectal anastomosis, are suitable for large animal models; 5/0 sutures
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may be inappropriate for the rat intestinal and colorectal anastomosis, as no study reported
positive outcomes with these. This may due to the large size of the 5/0 sutures (diameter
of absorbable 5/0 suture: 0.15-0.199 mm [40]) relative to that of the rat colon (thickness
of adult male rats: around 0.6 mm [41]). The 3/0 sutures (0.30-0.349 mm [40]) are much
smaller and lighter compared to the human colon (thickness: 2.6 mm [42]) or porcine colon.
For rat intestinal and colorectal anastomosis, smaller size sutures such as 7/0 (0.07-0.099
mm [40]) or 8/0 (0.05-0.069 mm [40]) seemed to be proper while more evidence is still

required.

Conclusion

In view of the positive outcomes of the large animal experiments, the application
of CA in intestinal and colorectal anastomosis seems promising. However, the great
inconsistency and lack of detailed information in the previous literature made comparison of
methodology difficult. To achieve a better consistency, studies should provide more details
in the methods. If the dosage of CA, the choice of animal model, inverted anastomosis
construction, and other method details also are improved, future studies will achieve better

intestinal and colorectal anastomoses with CA.
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Table 1. Cyanoacrylate adhesives used in the included studies

Chemical structure Abbreviation Trade name Manufacturer
Methyl»cyanoacry]ate MCA 910 Easterman Ethicon (Somerville, New Jersey, USA)
Ethyl-cyanoacrylate ECA Pattex Henkel (Dusseldorf, Germany)
N-butyl-cyanoacrylate NBCA Histoacryl (blue) B. Braun (Melsungen, Germany)
NBCA Glubran 2 GEM ltalia (Via reggio, Italy)
2-octyl-cyanoacrylate OCA Dermabond Ethicon (Norderstedt, USA)
OCA Gluseal GluStitch, Inc (Delta, BC, Canada)
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Table 2: Synopsis of results: cyanoacrylate application in intestinal and colorectal

anastomosis
Glue
Glue (trade Curing| Anastomotic |Suture Suture |Anastomotic
Year |Author Subject [n (chemical Usage Dosage GI level |Outcome
name) time |material Material size pattern
name)
910 Intestine
1962 |O'Neill [11] |Canine |26 MCA Anastomosis  |NS 60s Clamp - - Evert -
Easterman Colon
Weilbaecher 910
1964 anine [101 |MCA Anastomosis NS 3 min |Clamp = = Evert Intestine |-
[10] Easterman
910
1966 |Linn [13] Canine |30 MCA Anastomosis  |NS NS Invaginate |- = Invaginate |Intestine |+/-
Easterman
910 Gelatine
1976 |Gennaro [2] |Rat 35 MCA Anastomosis  |NS 10-20s = - Evert* Colon -
Easterman stent
Holding polyglactin
2009 |Elemen [3] [Rat 96 ECA Pattex Anastomosis  |NS NS 5/0 NS Intestine |+
suture 910
NBCA  |Glubran 2 Modified + BCA
2011 |Paral [8] Porcine |12 Anastomosis  [1.0ml = = Invert Colon
OCA Dermabond stapler +/- OCA
34 Holding Stomach-
2001 |Weiss [16] |Rat 64 NBCA  |Histoacryl Anastomosis | NS Vicryl sutures [6/0 Invert +/-
min  |suture jejunal
Holding
2004 |Ozmen [17] [Rat 40 NBCA  |Histoacryl  |Anastomosis |NS NS Polypropylene |5/0 NS Colon -
suture
Suture Intestine
1995 |Tebala [9] |Porcine |10 NBCA |NS Sealant NS NS Silk suture 3/0 Invert
Stapler Colon
Kayaoglu
2009 18] Rat 80 NBCA  |Glubran 2 [Sealant 02 ml NS Suture glycolic acid  |5/0 Invert Colon =
1
2010 |Ensari [20] [Rat 40 NBCA  |Glubran 2 |Sealant 0.2 ml Suture polypropylene |7/0 NS Intestine |+
NBCA,
Matsumoto Anastomosis + BCA
1967 Canine |70 ACA, NS NS NS nvaginate NS NS Invaginate |Intestine
[14] Sealant - Others
HCA
Anastomosis
2010 |Bae [19] Rat 60 NBCA  |Histoacryl - NS NS Suture polypropylene |5/0 Evert* Colon
ealant
Porcine/ Anastomosis 11 kinds of Intestine
1994 |Tebala [15] 55/30 INBCA  |NS NS NS silk suture 3/0 Invert
at Sealant anastomosis Colon
2-3
1965 Stir]ing [22] |Canine |37 isoBCA NS Anastomosis  |NS ) Clamp - - Evert Intestine |+/-
min
Kirkegaard
1980 (25] at 60 isoBCA |NS Anastomosis  |NS NS Stent = = NS Colon +/-
25
Anastomosis Holding Intestine
1968 |Hale [23] Rat 66 isoBCA |NS NS 60s silk suture 5/0 NS +/-
Sealant suture Colon
34
1971 |Uroskie [24] |Canine |15 isoBCA |NS Sealant NS . Suture silk suture 5/0 Invert Intestine |-
min
Holding
2002 |Kanellos [26] |Rat 40 OCA Dermabond |Anastomosis  |NS NS polypropylene 6/0 NS Colon +/-
suture
Holding
2004 |Nursal [27] |Rat 90 OCA Dermabond [Anastomosis 0.5 ml |NS polypropylene |7/0 NS Colon =
suture
Holding
Anastomosis
2009 |Irkorucu [28]|Rat 40 OCA Gluseal i NS NS suture / Polypropylcnc 6/0 NS Colon -
Sealant
Suture
24
2007 |Galvao [29] |Rat 18 NS NS Anastomosis  |NS ) Cuff - = Invaginate |Intestine |+
min

* Shown on the picture; Abbreviation of different cyanoacrylate is specified on table 1.
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Abstract

Objective: To compare mechanical strength and rheology of existing tissue adhesives

in a clinically relevant test setup with regard to colorectal anastomosis.

Background: Little is known on the mechanical strength of tissue adhesives directly
after application. Furthermore, rheological profiling may be important in understanding
mechanical performance and explaining differences between adhesives. This study provides
new data on the mechanical strength and rheology of a comprehensive list of tissue

adhesives with regard to colorectal adhesiveness.

Materials and methods: Twelve surgical tissue adhesives were included: 4
cyanoacrylates (CA), 2 fibrin glues (FG), 3 polyethylene glycol adhesives (PEG) and 3
albumin based adhesives (AB). Tubular rat colonic segments were glued together. Tensile

(T), shear (S) and peel (P) strength were measured. Shear storage (G’) and shear loss (G’”)
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moduli were also evaluated.

Results: CA adhesives were stronger than AB (7: p =.017; S: p =.064; P: p =.000),
which, in turn, were stronger than PEG (7: p =.000; S: p =.000; P: p =.018). PEG were
stronger than FG for shear (p =.013) and comparable for tensile and peel strength (p>0.05).
Within-group variation was smallest for CA. Mechanical strength correlated strongly
between performed tests. Rheological properties (G” and G’’) correlated strongly with

mechanical strength for all adhesives combined.

Conclusion: CA are the strongest and most homogenous group in terms of mechanical
strength. Hydrogels (FG, AB) are heterogeneous, with lower mechanical strength than CA.
FG are mechanically the weakest adhesives. Rheological profiles correlate to mechanical

strength and may be useful for predicting mechanical performance.

Introduction

The field of tissue adhesives is gaining popularity in modern-day medicine. Tissue
adhesives have become commonplace in several fields of medicine including dural repair,
endoscopic fistula repair (cardio)vascular surgery [1-4] and mesh fixation [5] . In the field of
gastrointestinal (GI) surgery, recent research has reported using tissue adhesives to seal or
create GI anastomoses to decrease anastomotic leakage (AL) rates, which are known to be
high in this field [6] . These experiments, mostly on animal models, provide insight into the

effectiveness of tissue adhesives on surgical complication rates, particularly AL [7].

Tissue adhesives work by forming a mechanical seal around an anastomosis, thus
protecting it from leakage of intraluminal contents and ameliorating effects of AL. Before
curing, all adhesives are low-viscosity liquids that can efficiently flow into the pores of,
in this case, biological tissue. Following the polymerisation phase, the cohesiveness of
the adhesive increases, and the interface between the adhesive and the tissue is altered
mechanically (i.e., by interlocking of the adhesive with the porous tissue surface), physically
and/or chemically. Overall, the strength of the cured adhesive joint is the result of a balance

between the cohesiveness of the adhesive and its adhesiveness to the tissue.

Tissue adhesives can be divided into categories based on their composition.

Cyanoacrylate adhesives (CA), also known as ‘superglues’, are synthetic adhesives,
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which contain cyanoacrylate monomers that polymerize after contact with water.
Polymerization results in an exothermic reaction, the rate of which depends on the length
of the cyanoacrylate monomers: the shorter the chain length, the more spontaneous the
polymerization. CA are known to be strong but rigid and have been reported to induce tissue
toxicity intracorporeally [8,9] . Modern-day CA are becoming less histotoxic and more
flexible [10]. Another well-known group of tissue adhesives is fibrin glues (FG). These
two-component adhesives consist of concentrated fibrinogen and thrombin, simulating
the final stage of the clotting cascade. FG form a flexible, mildly strong, adhesive bond.
Some FG preparations use antifibrinolytics such as aprotinin to delay degradation time. FG
are used as surgical hemostats, for the sealing of colostomies and in skin graft procedures
[3,8]. Polyethylene glycol (PEG) sealants are multi-component preparations containing
PEG combined with polymerization agents that form a hydrogel, resulting in a watertight
tissue bond. PEG sealants have been approved for use in the sealing of spinal dura, with
good clinical results [11].Furthermore, gelatin-formaldehyde-resorcinol (GRF) adhesives
are two-component synthetic adhesives containing a mixture of gelatin and resorcinol that
is polymerized when a small amount of formaldehyde or glutaraldehyde is added. Despite
concerns about tissue necrosis due to formaldehyde use, GRF is widely used for aortic
dissection repair [2]. In the same adhesive category and currently in use for the same clinical
field, albumin-based adhesives are gaining popularity with good results, without concerns of

formaldehyde-induced toxicity [12,13] .

The mechanical strength of a tissue adhesive is an important parameter in its overall
effectiveness as an anastomotic sealant. In in vivo studies, mechanical strength testing
of the adhesive-tissue bond takes directly following sacrifice of the animal. However
useful as a quantitative measure of anastomotic strength, these methods do not provide
information on mechanical strength directly after application, that is, prior to adhesive bond
degradation and healing effects. This information is, in fact, important for the sealing of
a bowel anastomosis, as its strength is lowest directly after creation, when wound-healing
mechanisms have not yet started to provide intrinsic anastomotic strength. Directly after
construction, anastomotic strength thus relies entirely upon the used sutures or staples.
Hence, one may postulate that the anastomosis is most prone to technical failure directly
after its creation, and that this is when the added value of an anastomotic seal is most
apparent. Therefore, the post-application adhesive strength of a tissue adhesive is an

important parameter in the evaluation of a tissue adhesive as an anastomotic sealant.
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Methodology is also a concern in the field of tissue adhesives. In in vivo studies large
differences exist in the choice of animal model, experimental endpoints and adhesive
strength testing methods (cf. anastomotic bursting pressure vs. tensile strength tests). In ex
vivo studies various adhesive strength-testing methods exist, using various tissue substrates,
tissue preparation methods, curing times and testing protocols. Overall, these differences
make the comparison of mechanical strength data between studies and a proper evaluation
of the effectiveness of tested tissue adhesives problematic [7]. This lack of consensus may

also be a factor leading to the relatively low number of clinical studies in this research field.

Besides the mechanical strength of a tissue adhesive it is also important to look into
its rheological profile. The rheological profile of a viscoelastic material can be defined
by dynamic mechanical analysis and can be described by two moduli: the shear storage
modulus G’ and the shear loss modulus G’’. These parameters provide information on the
cohesion (strength of adhesive-adhesive bonds) and adhesion (strength of bonds between
adhesive and tissue), and should ideally be balanced as not to create an adhesive which
is either too elastic or too brittle, which may result in suboptimal adhesive strength.
Understanding the rheology of a tissue adhesive can provide insight into its cohesive
response when under mechanical stress, which is important in understanding its clinical

effectiveness, as recently shown by Serrero et al. [14].

In the current study we have adapted existing guidelines of industrial adhesive testing
for use with ex vivo rat colon to determine the mechanical adhesive strength of existing
tissue adhesives, as a fundamental step in their evaluation as colorectal anastomotic
sealants. Furthermore, rheological profiling of each tissue adhesive was undertaken and the
correlations between the rheological properties and the mechanical strength of the adhesives
were calculated. All tissue adhesives were tested following the same testing protocol,

ensuring fair comparison of results.

Materials and Methods

Tissue adhesives

Twelve tissue adhesives were selected from each of the previously described tissue
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adhesive categories. A synopsis of the included adhesives can be found in Table 1. These
adhesives were considered to be representative of the modern day commercially available
tissue adhesives in surgical practice. Next to the 12 tissue adhesives, an industrial CA (Pattex
Super Glue, Henkel, Germany) was used for comparative purposes. Tissue adhesives were
purchased or provided for the purposes of this study. Companies providing the adhesives

had no influence in the testing, results or conclusions of this study.
Adhesive substrate

Our objective was to develop a clinically relevant model for the testing of surgical
tissue adhesives, in which the adhesive bond strength to colonic serosa could be tested
without confounding factors such as suturing or anastomotic technique. We therefore chose
to use intact tubular colonic segments to preserve the normal geometry and residual stresses
of the colon [15]. Colonic segments were obtained from male Wistar rats (250-350 g),
which were sacrificed for the purposes of other projects within our research group and in
which the bowels were not disturbed. Approval for the study was received from the Erasmus
University Medical Center (Rotterdam, the Netherlands), and guidelines for safe and
hygienic tissue handling were followed. Directly following sacrifice, the full colon of the
rat was resected and the mesocolon removed. After the bowel contents were flushed using a
syringe and tap water, the colon was placed in Ringer’s lactate solution and cooled to 5-10

°C pending mechanical testing. All tests were performed within 24 hours after resection.
Sample preparation

Directly prior to the experiments the resected colon was cut into 2-cm long segments
using surgical scissors. Per test, 2 segments were needed. A custom-made 4-mm wide
U-shaped pin was inserted intraluminally into each colonic segment. Each colonic segment
was ligated on both ends of the pin, outside of the gluing area, to prevent the colon from

sliding during testing.
Tissue adhesive application

Adhesive application took place according to the manufacturers’ guidelines. Two
of the abovementioned pins (around which the colonic segments were placed) were each
fixed onto a custom-made cylindrical holder with sunken screws and the colonic segments

were glued while approximated, creating a tension-free adhesive bond. Curing time varied
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according to the manufacturer’s guidelines. The test setup is shown in Figure 1. In order
to simulate intra-abdominal curing conditions, curing of the adhesive took place in an
incubator that was kept at 37° Celsius with a humidity level of >95%. Two semi-cylindrical
shaped supports were used to lock the testing cylinders with the glued segments in position
during curing and transportation from the incubator to the materials testing machine. These
supports were removed as soon as the test setup was fixed to the testing machine, prior to

mechanical testing.
Mechanical testing

To simulate the mechanical forces that a colonic tissue adhesive may encounter, we
selected three mechanical tests: tensile, shear and peel testing. Tensile and shear testing
simulate contractile peristaltic waves, constricting the colon and pulling on the adhesive
layer, and the effects of external viscera moving across the adhesive layer. Peel testing
was considered to simulate the ‘weak point’ of a tissue adhesive, when pull is exerted on
the outer edge of the adhesive bond. These three tests also form the basis for the testing of
tissue adhesives in the testing protocols of the American Society for Testing and Materials
(ASTM) standards [16-18]. For the purposes of our study these ASTM standards were
adapted for use with tubular colonic segments. Each test is illustrated in Figure 2. All tests
were performed using an industrial static materials testing machine (Zwick, UK, type 1484/
Testometric, UK, type AX M250-2.5kN). Tests were performed with a 20 N load cell, at
a testing speed of 10 mm/min. Computer-based analysis software was used to record all
tester data in real-time. For each tissue adhesive, tensile, shear and peeling strength were

measured. Each test was performed 7 times.
Rheological testing

Rheological profiles were monitored at 37.5°C with an AR 2000 rheometer (TA
Instruments) in parallel plate geometry. The liquid (uncured) adhesive samples were first
placed on the rheometer plate (8§ mm diameter and 0.5 mm gap) and left to cure at 25°C until
a stable value of G” was reached. To prevent evaporation of water during the curing stage,
silicon oil was applied around the sample (oil was removed before starting the frequency
sweep to prevent influencing the measurement). Angular frequency sweep measurements
were then performed in dynamic mode within the viscoelastic regime of the adhesives (i.e.,

with G’ and G*’ independent of strain) with a strain of 0.01 and frequencies ranging from 0.1
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to 100 rad/s. All rheological tests were performed three times.
Measure of solid content

A given weight of liquid adhesive was left to cure at room temperature overnight. The
cured amount was then placed in an oven at 70°C for 3 hours and the residual weight was
measured. Solid content of the adhesive was obtained from the ratio of the residual weight

divided by the initial sample weight.
Data analysis

A paired t-test was used to compare adhesive categories with each other with respect
to their tensile, shear and peel strength, and a one-way analysis of variance (ANOVA)
with a post-hoc Tukey-Kramer test was conducted to compare adhesives within categories.
Pearson correlations were calculated between the tensile and shear, tensile and peel, and
shear and peel data of all tested adhesives. Pearson correlations were also calculated
between the rheological properties G and G’’ versus each of the three mechanical strength
tests. A p-value of .05 or less was chosen to define statistical significance. All data analyses

were performed in MATLAB (Version R2010b, The MathWorks, Inc., Natick, MA, USA).

RESULTS

Mechanical testing

First, mechanical strength between categories of adhesives was compared.
Cyanoacrylates (CA) showed the highest mechanical strength, stronger than the albumin-
based adhesives (AB) in tensile (t(20) = 2.61, p = .017) and peel (t(19) = 4.24, p = .000
testing. CA also tended to be stronger than AB in shearing, although this result did not reach
statistical significance (t(19) = 1.97, p = .064). The AB group was significantly stronger
than the polyethylene glycol adhesive group (PEG) in all three mechanical tests (T: t(17)
= —4.01, p = .000; S: t(15) = —6.13, p = .000; P: t(18) = -2.60, p = .018). Differences in
mechanical strength between PEG and FG were small, and significant differences were only
seen in the shear test, where PEG were superior to FG (t(11) = 2.95, p =.013). An overview

of these results is provided in Figure 2.
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Second, mechanical strength within each adhesive category was analyzed for each
mechanical test (Figure 3). Within CA, the largest variation in mechanical strength of
different glues was found for the tensile strength test, where Histoacryl Flex tended to be
inferior to Omnex (p = .054). However, the difference between the 4 CA’s did not reach
significance (F(3,24) = 2.60, p = .076). Compared to tensile strength, shear and peel strength
showed less variation between CA adhesives (S: F(2,23) = 1.22; p =. 325; P: F(2,23) = 1.09;
p = .372). AB were found to be rather heterogeneous in terms of adhesive strength (F(2,22)
=5.61, p = .011; P: F(2,18) = 6.23, p = .009). Specifically, GRF resulted in significantly
lower tensile and peeling strength compared to Covabond (p = .010 and p = .007,
respectively). PEG showed the largest variation of all categories in all three mechanical
tests (T: F(2,15) = 5.17; p = .020; S: F(2,14) = 5.29, p = . 020; P: F(2,17) = 32.68, p <
.001). Duraseal yielded lower tensile strength than CoSeal (p = 0.019), whereas Duraseal
Xact produced lower shear than CoSeal (p = .015) and lower peel from both Duraseal and
CoSeal (both p = .000). Among FG, the only significant difference was found in the tensile
test results, for which Tissucol yielded higher strength than Evicel (t(6) = -3.19, p = .019).
Lastly, we found that the results in all three tests correlated strongly with each other (T vs. S:

r=.504, p=.000; T vs. P: r =.578, p = .000), as shown in Figure 4.

Pattex adhesive, used to compare tissue adhesives to industrial ‘super glue’ yielded
lower adhesive strength than the other tissue CA (T: mean= 1.57, standard deviation= 0.49,
N= 7; S: mean= 1.68, standard deviation= 0.43 , N= 7; P: mean= 0.31, standard deviation=
0.14,N="7).

Rheological testing

The highest values of G' and G" over the entire frequency range were obtained for
Pattex (industrial ethyl cyanoacrylate (ECA) based adhesive), indicating that this glue
possesses the highest cohesiveness of all the CA specimens. Moreover, the high G' value
(around 2x108 Pa) and the low slope of the G'=f( w ) curve both indicate that Pattex is a
rigid material at 37.5°C. Among the tissue adhesives, the rheological profiles of the CA
Histoacryl Flex and Dermabond, respectively formulated from the monomers n-butyl
cyanoacrylate (nBCA) and 2-octyl cyanoacrylate (20CA), are both characterised by
lower values of G' and G" and a higher slope for G'=f( w ), indicating higher flexibility as

compared to Pattex. Rheological profiles of CA are shown in Figure Sa.
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The rheological behaviour of PEG (Fig. 5b) is characterised by lower values of G' and
G" (from 1x105 Pa to 1x106 Pa) compared to CA, which is indicative of a low network
concentration. Indeed, the solid content of Duraseal was found to be 9.9%, which means
that this gel contains 90.1% water. Although the solid content of the FG Evicel was similar
to the PEG-based Duraseal (9.8% vs. 9.9%), Evicel exhibited higher values of G’ and G,

indicating that it is more cohesive than Duraseal (Figure 5b).

The rheological behavior of the AB group (GRF, Bioglue and Covabond) is shown in
Figure 5c. The solid content of these adhesives was intermediate between those of CA and
PEG, with values of 49.6, 40.1 and 38.3 for GRF, Covabond and Bioglue, respectively.
GRF exhibited intermediate G' between 1x10° Pa to 1x10’ Pa. Bioglue and Covabond both
displayed G' values in the same range as CA, which suggests that these adhesives are highly
cohesive despite their moderate solid contents. Lastly, we also performed a correlation
analysis between rheological profiles and mechanical tests of each tissue adhesive. Strong and
significant correlations between both G’ and G’” moduli and all three mechanical tests were

found (Figure 6; T: 1. = .711; 15 = .716; S: .= . 715; 1. = 771; P: 145 = .637; 14..= .692).

Discussion

Tissue adhesives are gaining popularity in various fields of medicine. Except for their
use as successful skin closure devices, tissue adhesives are also increasingly being used
inside the human body for a number of indications [4,5,19] . Sealing of colonic anastomosis
with tissue adhesives has been pointed out as a promising technique to prevent anastomotic
leakage, however, in vivo studies have provided ambiguous results on its effectiveness [7].
This may be due to the interexperimental differences in animal models, testing protocol
and adhesive application. Ex vivo adhesive testing may provide a clear view of differences
in the comparative mechanical performance between adhesives, and may act as a platform
for initial selection of tissue adhesives to be applied in subsequent in vivo testing. To date,
data of ex vivo testing of tissue adhesives are scarce. Several authors report on the use of
tissue adhesives in ex vivo models representing intracorporeal use. Shazly et al. used rat
duodenum for the testing of the adhesive strength of their PEG: Dextran glue [20]. In their

model a full thickness puncture wound was created using a needle, and was then sealed off
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with the adhesive before burst pressure analysis was performed. In another study, Sidle et al.
evaluated the tensile strength of BioGlue in a model using periosteum from human cadavers
[21]. Azadani et al. compared the mechanical strength of several fibrin glues and BioGlue
on human and porcine aortic grafts [22]. In another study by Kull, the tensile, shear and
peel strength of Glubran 2 and TissuCol were evaluated [23] by using segments of fresh,
shaven porcine skin as the biologic substrate and performing tests according to the ASTM
guidelines for the testing of tissue adhesives. To date, no experiments have reported using

tubular colonic segments for the testing of tissue adhesives.

In our study we evaluated the mechanical strength and rheological properties of
a comprehensive list of surgical tissue adhesives from each tissue adhesive category,
using the same experimental configuration and testing protocol, thereby overcoming the
abovementioned limitation of heterogeneous testing protocols. Moreover, by using tubular
colonic segments we were able to test the adhesives in a clinically relevant setting by
applying the adhesive only on the serosal surface of the bowel, the target site for its eventual

clinical use while leaving the mechanical properties of the colon intact.
Mechanical test setup

Peristalsis of the colon is a complex process consisting of various types of contractions.
Individual phasic contractions occur spontaneously, and organized motor complexes assist
in the propulsion of bowel contents. The effects of peristalsis consist of kneading of fecal
material by circular muscle contraction and propulsion via longitudinal muscle activity
[24]. A bowel anastomosis is thus subjected to mechanical forces in various directions.
Next to peristaltic forces, external forces may play a role such as in the case of adhesion
formation to other viscera, and the direct adhesive effect of the tissue adhesive to other
viscera. These forces can be simplified into 3 mechanical planes, i.e. forces acting to the
plane of the anastomosis, forces parallel to the plane of the anastomosis, and peeling forces.
To simulate these forces in our test setup, we therefore chose to test tensile strength, shear
strength and peel strength. To our knowledge this is the first study in which fresh, circular
bowel segments were used and in which an adhesive was applied only on the serosal surface
of each segment. Our test-setup can, therefore, enable surgical adhesive application in
the same manner as it would be done peri-operatively, while keeping the biomechanical

characteristics of the colon intact.
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Mechanical testing

In this study, CA were the strongest tissue adhesive group in terms of adhesive strength.
This group was also easy to use due to easy application procedures and quick curing time.
Furthermore, when comparing the outcomes of the mechanical tests between CA, no
significant differences were found. This points out that despite differences in composition
and/or additives (Table 1), the group of CA were the most homogeneous group in terms of

adhesive performance.

AB adhesives were characterized by diverse chemical compositions, resulting in larger
differences in mechanical strength than in the case of CA. Significant differences were
observed between AB for both tensile and peel tests. Of these, the albumin-based adhesives
Covabond and Bioglue exhibited similar mechanical strength, whereas the gelatin-based
GREF resulted in lower adhesive strength for tensile and shear tests. In this group, it was
found difficult to provide a precise adhesive application for GRF and the correct amount of
formaldehyde hardener, as also previously acknowledged [25]. To ensure reproducible and
correct application, we used the application procedure described previously by Nishimori in

which formaldehyde was applied using an insulin needle [26].

Adhesive strength testing yielded that PEG and FG are similar to each other. PEG
adhesives differed significantly from each other in all mechanical tests. In this group, Coseal
resulted in the highest adhesive strength while Duraseal and Duraseal Xact yielded large
differences between tests. Duraseal Xact showed higher strength in the tensile strength
test, but Duraseal seemed to be stronger in shear and peel testing. The difference between
Duraseal and Duraseal Xact is the additive N-hydroxy succinimide in Duraseal Xact, used to
prevent swelling in this adhesive. This additive may account for the differences in adhesive
strength. Among FG, Tissucol and Evicel adhesives provided similar results for shear and
peel strength, whereas Tissucol was stronger in terms of tensile strength. This may be due to
the aprotinin additive in Tissucol, which is added to delay degradation time. In this study we
observed low mechanical strength of FG. Previous research wherein FG was used reported
that FG created a very strong bond [27]. A possible explanation for this finding is that the
presence of blood or intraperitoneal fluid further strengthens the tissue-adhesive bond, while

being aided by the physiological action of fibrin.
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We also observed that the three mechanical tests strongly correlated with each other.
Based on this information, one may postulate that, if the purpose of an analysis is to
compare ex vivo two or more adhesive formulations, using one of the three mechanical tests

may suffice, thereby enabling considerable savings in material and time resources.

When comparing mechanical strength between adhesive groups (using the adhesive
categories described previously) we observed that CA were the strongest tissue adhesives,
followed by AB, PEG and FG. Generally, the tensile and shear strength tests resulted in
the highest adhesive forces, and were mostly not significantly different to one another. Peel
strength for all groups showed much lower mechanical strength in all adhesive samples, in

line with previous research on tissue adhesives [23].
Rheological testing

Rheological testing of tissue adhesives is standard practice in the development phase
of any industrial tissue adhesive. However, rheological data for commercialized tissue
adhesives are not currently publicly available. Rheological analysis was performed to
provide information on the degree of cohesiveness, and in turn, flexibility of the tested
tissue adhesive. Higher values of G’ and G’’, and a low slope of the G'=f( ) curve are
indicative of high cohesiveness and a rigid/brittle adhesive. When comparing the various
categories of tissue adhesives, we observed that CA resulted in the highest cohesiveness and
were therefore generally the least flexible tissue adhesives. AB were more flexible than CA,
whereas the most flexible adhesives were found in the PEG and FG groups, which showed

comparable rheological results.

Between CA, some differences were found in rheological profiles. Pattex, which was
included for comparative purposes, representing non-tissue oriented CA, was the most
rigid adhesive. Within the tissue CA, Glubran 2 and Omnex provided the least flexible
rheological profiles, while Histoacryl Flex and Dermabond were the most flexible adhesives,
yielding rheological profiles comparable to the BA. The increased flexibility of nBCA-
based (Histoacryl) and 20CA-based (Dermabond) adhesives as compared to the ECA-based
adhesive likely stems from the plasticizing effect of the alkyl side-groups constituting the
polymer backbone. This effect is especially pronounced for the longer octyl side-groups,
as indicated by the lowest values of G' and G" at high frequencies for the Dermabond

adhesive. In the AB group, Covabond and Bioglue were relatively rigid, both displaying
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G' values in the same range as CA, which suggest that these adhesives are highly cohesive
despite their moderate solid contents. Moreover, these two adhesives had a very similar
rheological profile, indicating that the albumin/aldehyde base which both Covabond and
Bioglue share, is a determinant factor of their rheological profile. In the same adhesive
category, GRF showed low G’ and G’ indicating low cohesiveness and more flexibility. As
stated above, the lowest G” and G’ were observed for PEG and FG. While these categories
differed significantly in mechanical strength, they share very similar rheological profiles,
and are very flexible adhesives. In this group, it was noteworthy that Duraseal Xact was the
most flexible adhesive sample, while its composition is similar to the Duraseal adhesive.
Interestingly, although the solid content of the FG Evicel was almost similar to the PEG-
based Duraseal (9.8% compared to 9.9%), Evicel appeared to be much more cohesive. This
observation suggests that the fibre-like supra-molecular architecture of FG creates a stiffer
structure as compared to the more flexible network of interconnected PEG chains in PEG
adhesive. Rheological results are interesting due to the implications for their target use.
Keeping the rheological profiles in mind one may predict which tissue adhesive is the best
choice for the desired use. This information may aid a surgeon to decide which adhesive is

most suitable for the targeted indication.

When used in our mechanical test setup, CA polymerized within seconds after coming
into contact with fluid, but polymerisation between the two plates of the rheometer took
considerably longer. This was true for all the CA except for Omnex, which integrates a
polymerisation catalyst in the applicator and cures within a few minutes even in a "dry"
environment. Furthermore, it should be noted that the rheological profiling of the PEG
group was the most difficult in our experimental set-up, because of the very low grip of the
hydrogels on the plates, the low modulus of the cured gels and the fast evaporation of water.

Nevertheless, satisfactory results could be obtained in each case.
Rheology and mechanical testing

Both storage and loss modulus (the two moduli defining rheological profile of
adhesive) were significantly correlated with each of the three mechanical tests. This
finding indicates that the rheological characteristics of an adhesive can, in turn, predict
its mechanical strength. As rheological tests are easily performed only requiring several
drops of an adhesive, this technique may be promising in the future evaluation of tissue

adhesives. Another interesting finding comes from the rheological profile of the Pattex
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adhesive. Despite the highest values of G” and G’’, Pattex provided relatively low results in
mechanical strength. This indicates that, in general, a tissue adhesive’s mechanical strength
may rely upon an ‘optimum range’ of G’ and G’ which may not necessarily be the highest

value of G’/G’, in line with previous research on tissue adhesive rheology [14].
Study limitations

In this study we attempted to create intra-abdominal circumstances as closely as
possible, simulating a physiologic environment for adhesive application. An ex vivo
approach was chosen to be able to systematically test each tissue adhesive in a reproducible
fashion and enable comparisons without confounding factors resulting from surgical
intervention or wound healing. Naturally, ex vivo testing is clinically less relevant than
in vivo testing, as the structural integrity of the bowel wall starts to degrade directly
after resection. This problem was partly overcome by cooling the tissue in a preservation
solution. Rat colon has been previously used by many researchers in the testing of tissue
adhesives, and was therefore chosen as the substrate in this study. Another practical problem
we encountered was that the application procedure was difficult as most applicators are
non-interchangable and meant for use in human colon, which, of course, is larger than the
rat colon. Lastly, in this study we only observed the mechanical strength and rheology of
ex vivo colonic segments, which does not provide information on the effects of the body’s
healing process on the adhesive, and also the effects of the adhesive on the tissue. This

aspect should be examined in future studies.

Conclusion

In this study we have provided information on the adhesive strength and rheological
characteristics of a comprehensive list of tissue adhesives spanning across all present-day
adhesive categories. Modern-day cyanoacrylates are the strongest in terms of mechanical
strength and form a homogeneous group based on rheological endpoints. Of the albumin-
based adhesives, Covabond and Bioglue adhesives were also strong and showed rheological
profiles similar to that of cyanoacrylates. From the polyethylene glycol group, Duraseal

Xact and Coseal seemed to be promising in terms of mechanical strength. Fibrin glues
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showed the lowest adhesive strength, with Tissucol providing slightly better results. The
mechanical test results correlated to each other, implying that the choice of one single test
contains sufficient information to evaluate the mechanical strength of a tissue adhesive.
Importantly, in this study a standardized testing protocol was used enabling us to compare
results between tissue adhesives in a methodologically appropriate manner. Rheological
profiling of tissue adhesives aided in explaining differences in mechanical strength and in
understanding the behavior of tissue adhesives. Furthermore, the rheological profiles of
the tissue adhesives were significantly correlated to their mechanical strength, making it
possible to predict mechanical strength by examining rheological endpoints. It could be
recommended that the combination of mechanical and rheological data should become part

of a standard testing protocol in future studies with tissue adhesives.
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Tables/ Figures

Table 1: Included tissue adhesives.

Adhesive category

Commercial name

Company

Composition

Histoacryl Flex

B.Braun (Tiittlingen, Germany)

n-butyl-2-cyanoacrylate

Glubran 2 GEM Italia (Viareggio, Italy) n-butyl-2-cyanoacrylate and methacryloxysulfolane
Cyanoacrylates Zfoctylfcyanoacrylate and butyl lactoyl
Omnex Ethicon (J&]J, Bridgewater, NJ, USA)
cyanoacrylate
Dermabond Ethicon (J&], Bridgewater, NJ, USA) 2-octyl-cyanoacrylate
Bioglue Cryolife (Kennesaw, GA, USA) Glutaraldehydefalbumin glue
Albumin based adhesives Covabond Covalent medical inc. (Ann Arbor, MI, USA) | Albumin, aldehyde cross linker
GRF Cardial SA (St. Etienne, France) Gelatin-resorcinol-formaldehyde glue

Polyethylene glycol

Duraseal Xact

Covidien (Mansfeld, MA, USA)

Polyethylene glycol, trilisine amine, blue dye,
N-hydroxy succinimide

Polyethylene glycol, hydrogen chloride and

q Coseal Baxter (Deerfield, IL, USA
adhesives g ) sodium phosphate-sodium carbonate
Duraseal Covidien (Mansfeld, MA, USA) Polyethylene glycol, trilisine amine and blue dye
Tissucol Baxter (Deerfield, IL, USA) Fibrin glue, with aprotinin
Fibrin glues
Evicel Ethicon (J&J, Bridgewater, NJ, USA) Fibrin glue, without aprotinin
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Figure 1: Experimental configuration, per test type. Arrows define direction of motion.

a: Tensile strength test. Legend: A: Glue. B: Colon segments. C: Cylinder. D: Colonic pin.
b: Peel strength test. Legend: A: Glue. B: Colon segments. C: Cylinder. D: Colonic pin. E: Clamp.
c: Shear strength test. Legend: A: Glue. B: Colon segment. C: Fixation device. D: Colonic pin.
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CA vs AB t,, = 2.61 (P = 0.017) t, =197 (P =0.064) t,, = 4.24 (P < 0.001)
AB vs PEG t, = -4.01 (P < 0.001) t, = 6.13 (P < 0.001) t, = 2,60 (P = 0.018)
PEG vs FG t, =055 (P = 0.596) t, =295 (P = 0.013) t,, = 0.705 (P = 0.496)

Figure 2: Mechanical adhesive strength between adhesive categories. Results of statistical

analysis are shown in the table. CA: Cyanoacrylate. AB: Albumin based adhesives. PEG:

Polyethylene glycol adhesives. FG: Fibrin glues.
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Figure 3: Overview of tensile, shear and peel strength within each adhesive category;

a) Cyanoacrylates, b) Albumin based adhesives, c¢) Sealants, d) Fibrin glues. Results

of statistical analysis are shown in the table. CA: Cyanoacrylate. AB: Albumin based

adhesives. PEG: Polyethylene glycol adhesives. FG: Fibrin glues.
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ABSTRACT

Introduction: Technical failure of sutured or stapled anastomoses may lead to
anastomotic leakage (AL), which is one of the most important complications after colorectal
surgery. Cyanoacrylate glue (CA) provides strong mechanical attachment, making it a
good candidate for suture reinforcement. This study aimed to demonstrate that CA is the
most important factor in the strength of a sealed colorectal anastomosis, in both normal and

insufficient anastomoses.

Methods: Ex-vivo porcine colorectal segments were resected. A one-layer continuous
anastomosis or an insufficient 6 interrupted-suture anastomosis was created, and the
baseline anastomotic bursting pressure (ABP) was measured. The primary anastomosis was
then reinforced either by CA or with 4 additional interrupted sutures, further inverting the

anastomosis. After reinforcement a second ABP test was performed.

Results: Thirty-two segments were used. Reinforcing the anastomosis by CA

112 Chapter 7



significantly increased ABP in both normal and insufficient anastomosis when compared
to the primary anastomosis (p < 0.05 for all groups); no significant difference in ABP
was found between normal and insufficient anastomosis groups after CA reinforcement.
Anastomotic reinforcement with CA was not inferior to the reinforcement with sutures in
both normal and insufficient anastomoses, and had significant less ABP variances in normal

anastomosis groups (p = 0.042).

Conclusion: Reinforcing a colorectal anastomosis with CA increases its mechanical
strength in both normal and technically insufficient situations, which may contribute to the
reduction of anastomotic leakage. CA is promising for anastomotic reinforcement based on
mechanical improvement of the anastomosis and in-vivo studies are needed to evaluate its

biological effects.

INTRODUCTION

Anastomotic leakage (AL) is one of the most important complications in gastrointestinal
(GI) surgery. Especially in ultra-low colorectal anastomosis, a higher rate of leakage has
been observed, which varies from 8% to 20% [1] and leads to a mortality as high as 33% [2].
The etiology of AL is still not yet fully understood. Several mechanisms and risk factors are
known to contribute to its occurrence [3-5] . Of these, the most important are considered to

be technical failure and ischemia [6].

In order to reduce the incidence of AL, substantial surgical techniques have been
tested [7, 8]. One recent research from Gadiot et al. indicated that supportive sutures
of laparoscopic left-sided anastomosis might significantly reduced AL rate [9]. In this
technique, three interrupted supportive sutures were circumferentially placed parallelly to
the primary anastomosis. They offered sufficient additional strength to protect the primary
anastomosis from mechanical stress, thus preventing the occurrence of AL. However, hand-
sewn suturing for low-level colorectal surgery is technically challenging and hence requires

a longer learning curve, which may slow its further implementation in clinical practice.

Cyanoacrylate glue is now becoming increasingly popular in surgery for different

indications [10]. It has been shown to provide strong mechanical attachment and polymerize
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quickly within 30 to 60 seconds after application [11]. Clinical practice showed promising
results on the use of CA as a sealant after primary anastomosis in pancreaticoduodenectomy
[12]; experimental studies also used CA to create sutureless colorectal anastomoses [13].
These results suggested that CA seemed to be a promising alternative to supportive sutures

in low colorectal anastomosis.

In this study, we used CA to reinforce normal and insufficient colorectal anastomoses
in an ex-vivo porcine model. We aimed to demonstrate that CA is the most important factor
and is responsible for the anastomotic strength of an invertedly reinforced anastomosis,

regardless of the primary anastomosis being normal or insufficient.

METHODS

Animals

Distal colon segments of 10-15 cm in length were resected from male Yorkshire pigs
(6 months old, 90-100 kg) from a local slaughterhouse, directly after euthanasia by CO2
overdose. The specimens were flushed using tap water and preserved in a phosphate-buffer
solution, and then immediately transported to the laboratory in the medical center. All

experiments were then performed within 6 hours after euthanasia.
Primary anastomosis

The experimental methodology is depicted in figure 1. During the first part of the
experiment a primary anastomosis was constructed in an end-to-end, inverting way using
synthetic suture (3/0 Vicryl, Ethicon, J&J, USA). In the normal anastomosis group (NG), a
continuous one-layer anastomosis was created. Bite size was 5 mm from the colonic edge
and subsequent sutures were placed at 5 mm intervals. In the insufficient anastomosis group
(IG), six equidistant interrupted sutures were placed equally around the circumference with

5 mm bite size. After that, the first anastomotic bursting pressure (ABP) test was performed.
Anastomotic reinforcement

The anastomosis was subsequently reinforced with either CA or sutures. In the suture-
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reinforced groups, the anastomosis was reinforced with four supportive sutures (3/0
Vicryl, Ethicon, J&J, USA). These supportive sutures were placed equidistantly around the
anastomosis, further inverting the primary anastomosis. Sutures were placed submucosally

at 5 mm of either side of the primary anastomosis, and the bite size was also 8 to 10 mm.

In the CA-reinforced groups, 2-octyl-cyanoacrylate glue (Dermabond, Ethicon, J&J,
USA) was used to reinforce the anastomosis. One capsule (0.5 mL) of Dermabond was used
to form a continuous glue bond around each primary anastomosis. The CA was applied
on one side of the primary anastomosis, 10 to 15 mm in length along the anastomosis and
5 mm in width; then forceps were used to approximate two serosal edges, which further
inverted the anastomosis for 5 mm (the width of CA). This procedure was repeated several
times until the whole primary anastomosis was reinforced. The schematic overview is
depicted in figure 2. After CA application, a waiting time of five minutes was set to ensure

full polymerization.

After reinforcement with either CA or sutures, the second ABP test was performed

again following the below described protocol.
Anastomotic bursting pressure test

An air-infusing probe was introduced into the proximal end of the colonic segment.
Both bowel ends were then ligated to ensure an airtight compartment. The specimen
was submerged in a tank filled with tap water and air was infused through the probe at a
rate of 99 ml/hour via an automatic syringe pump (Perfusor Secura, B. Braun, DL). The
setup was connected to a digital pressure indicator (DPI 101, Druck, Leicester, UK). Two
researchers observed the anastomosis for signs of anastomotic leakage (i.e. air bubbles from
the anastomosis). The pressure at the time of the first leakage of air was defined as the

anastomotic bursting pressure (ABP) and noted.
Statistical analysis

Data were shown in the form of mean + standard deviation (S.D.). Statistical analysis
was performed using SPSS 17.0 (SPSS, Chicago, IL, USA). Data were analyzed using
Wilcoxon Signed ranks, Mann-Whitney, and nonparametric Levene’s tests according to

proper indications. A p-value of 0.05 or less was chosen to define statistical significance.
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RESULTS

Overall, 32 colon specimens were used. Sixteen of them were used for the creation of a
one layer continuous anastomosis: the normal anastomosis group (NG). The NG was divided
into two groups of eight specimens; in one group the anastomoses were reinforced with
cyanoacrylate glue (NGG), and in the other group the anastomoses were reinforced with
four supportive sutures (NGS). The other 16 specimens were used to create an insufficient
six-suture anastomosis: the insufficient anastomosis group (IG). Again, two groups of eight

specimens were made, one with reinforcement of CA (IGG) and the other with sutures (IGS).

All the anastomoses burst at the anastomotic site during the ABP test. As is shown
in figure 3, the mean ABP of the primary anastomosis was significantly higher in NG
(32.5 £ 14.7 mmHg) than in IG (12.5 + 5.0 mmHg, p = 0.000, Mann-Whitney test); the
respective ABP in NGG, NGS, IGG and IGS groups were 48.2 + 13.0 mmHg, 65.1 + 27.6
mmHg, 39.0 = 9.9 mmHg and 57.6 + 18.8 mmHg. Reinforcing the primary anastomosis
with CA significantly increased ABP in both normal and insufficient anastomosis groups
(NGG / NG, p = 0.012; IGG / 1G, p = 0.012, Wilcoxon Signed Ranks Test); no significant
difference in ABP was found between normal and insufficient anastomosis groups after CA
reinforcement (NGG / IGG, p = 0.161, Mann-Whitney test). Similar results were also found

in suture-reinforced groups.

The CA-reinforced anastomoses had similar ABP values to the suture-reinforced
anastomoses in normal anastomosis groups (NGG / NGS, p = 0.195, Mann-Whitney test),
while the ABP variances were significantly less in CA-reinforced group (NGG / NGS, p
= (0.042, nonparametric Levene’s test). Similar ABP between CA- and suture-reinforced
anastomoses also was found in the insufficient anastomosis groups, including similar ABP

variances (IGG / IGS, p = 0.065, Mann-Whitney test; p = 0.248, nonparametric Levene’s test).

The ABP of the insufficient anastomoses reinforced with CA was higher (but not
significant) than that of the normal anastomosis group (IGG / NG, p = 0.136, Mann-
Whitney test).
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DISCUSSION

Despite many years of research and countless technical alterations, leakage remains
a major problem after creation of a colorectal anastomosis. Previous studies revealed
that the strength of skin closure with CA approximates that of closure with 5/0 sutures
[11]. In concordance with this finding, we found that with a limited amount (0.5 mL), CA
reinforcement significantly increased the anastomotic bursting pressure in both normal and
insufficient colorectal anastomoses with less variance, and it was not inferior to the suture
reinforcement. Even in the insufficient anastomoses, CA reinforcement still provided
good anastomotic strength, which was slightly higher than the standard one-layer
sutures, although this difference was non-significant. These results indicate that strong
anastomotic strength could be guaranteed after CA application regardless of the strength
of the primary anastomosis. Furthermore, this strength comes into effect immediately
after its application around the anastomosis, which may contribute to the prevention of

AL caused by technical failure.

Previous clinical work introduced the concept of inverted suture reinforcement
in colorectal anastomosis to prevent the occurrence of AL [9]. This concept was quite
promising because of the significant reduction of AL rate, yet suture reinforcement does
have several shortcomings in practice. Firstly, the technique of sub-mucosal suturing may
be difficult to perform, especially in ultra-low anastomoses. Its strength relies on the skill
of the surgeon, which may vary according to experience, and has been known to affect
the incidence of leakage [14]. Secondly, due to individual variations between patients, it
may also be challenging to decide how many sutures are needed and how to space them
equidistantly, especially if an extra suture is needed to ensure the full inversion. Lastly,
creating a second layer of reinforcement sutures is a time consuming process, which was
already addressed previously in the comparison of single- and double-layer colorectal
anastomosis [15]. In our current experimental setup, we found these problems might
be overcome with the use of CA. Firstly, CA reinforcement significantly reduced ABP
variances when compared with the suture reinforcement, indicating that CA application

was more standardized. Also, different from interrupted sutures, CA provided an equally
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distributed seal around the whole circumference of the anastomosis. Lastly, CA application
was easier and faster than hand-suture technique, and it might be further improved if a

specific applicator would be developed in the future.

Cyanoacrylate use in gastrointestinal surgery is still limited. Although its application in
sealing vascular [16] and pancreaticoduodenal [12] anastomosis showed promising results,
CA reinforcement of a primary anastomosis has not been widely accepted in intestinal or
colorectal surgery. Most comments on CA reinforcement focus on its negative biological
effects such as an increased tissue reaction, which may counteract its mechanical effects
[17, 18]. Certainly, CA’s biological characteristics determine the late outcomes such as
tissue reaction and wound healing after its application; however technical aspects during

application also influence these outcomes.

When comparing experimental methods among different studies, some technical
differences, which might partly explain the inconsistent results between those studies,
were noticed. For instance, the amount of CA used in our porcine model was 0.5 mL per
anastomosis, while in other rat studies 0.2 mL or 0.5 mL of CA was applied [18, 19].
Furthermore, most other studies did not specify the CA amount they used. Comparing the
size of a porcine colon with a rat colon, one can imagine that the required CA amount is
much smaller in the latter. Only 0.4 uL. (0.0004 mL) CA was enough to create a vessel
anastomosis in a previous rat model [20]. In our previous work, we found that 0.02
mL CA was already enough to seal a primary anastomosis in a rat model, leading to a
sufficient clinical and histological healing (unpublished data from our group). Conversely,
overdose of CA may lead to more side effects, such as increased inflammatory response
and adhesion formation [21], rather than a further increase in bursting pressure. Besides CA
dosage, inversion of a gastrointestinal anastomosis has been considered as a key factor in
anastomotic healing [22], and was also essential to the reinforcement technique discussed
in this study. Some previous studies reported a leakage rate of 34% in everting CA sealed
anastomoses [23, 24]; while in another study, no leakage and good wound healing was
found when a modified circular stapler was used to create inverted anastomoses sealed with
CA [13]. These aspects and other technical details of CA’s application should also be taken
into consideration for AL studies. For that, ex-vivo tests prior to in-vivo models might help
to determine the least possible CA amount, the best suturing technique, and other details to
achieve a strong and immediate anastomotic strength. Afterwards, the biological effects can

be evaluated in in-vivo models.
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Due to our current experimental test setup, there are still some limitations in our
study. First, as mentioned above, the method of CA application in this study, though easy,
is still not yet practical for widespread clinical implementation; instruments for CA’s
application, especially in laparoscopy, are needed. Also, surgical staplers are widely used in
GI anastomosis now. Inclusion of CA reinforcement after stapling would further improve
the integrity and clinical relevance of this experiment. Lastly, we used ex-vivo porcine
segments because they were easily available and inexpensive, but the non-vital period up to
6 hours, though relatively short, might still influence the colon’s biomechanical properties.
In-vivo tests will be necessary to minimize those effects and, furthermore, to determine the

biological effects of CA reinforcement.

CONCLUSION

In conclusion, Cyanoacrylate reinforcement increased the bursting pressure of
colorectal anastomoses in both normal and technically insufficient anastomoses; as
hypothesized, a reinforced anastomosis derived most of its biomechanical strength from
CA reinforcement, regardless of the primary anastomotic configuration. The use of CA
as a supportive agent may contribute to the reduction of AL and is promising for suture

replacement, while in-vivo studies are needed for further implementation.
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FIGURE LEGEND
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normal anastomosis, reinforced with CA
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NG (Normal Group):

normal continuous suture, end-end
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Figure 1. Flow chart of methodology

Fig. 2a NGG Fig. 2b NGS
®) ()

Fig. 2c IGG Fig. 2d IGS

Figure 2. Cross-sectional view of anastomoses with reinforcement (Schematic). Primary
anastomoses: (1) Normal one layer continuous sutures, (2) Insufficient 6 sutures;

Reinforcement: (3) CA reinforcement ; (4) Suture reinforcement.
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Figure 3. ABP (mmHg) before and after reinforcement. 3a. Normal anastomosis before
and after CA reinforcement (27.9 + 10.8 mmHg vs. 48.2 + 13.0 mmHg, p = 0.012); 3b.
Normal anastomosis before and after suture reinforcement (37.2 + 17.3 mmHg vs. 65.1 =
27.6 mmHg, p = 0.025); 3c. Insufficient anastomosis before and after CA reinforcement
(12.3 £ 5.3 mmHg vs. 39.0 + 9.9 mmHg, p = 0.012); 3d. Insufficient anastomosis before and
after suture reinforcement (12.7 £ 5.0 mmHg vs. 57.6 £ 18.8 mmHg, p = 0.012). *p < 0.05
(Wilcoxon Signed Ranks Test).
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ABSTRACT

Background: Colorectal anastomoses created in a contaminated environment result in
a high leakage rate. This study investigated whether using anastomotic sealants (TissuCol®,

Histoacryl® Flex, and Duraseal®) prevents leakage in a rat peritonitis model.

Study Design: Sixty-seven Wistar rats were divided into control and experimental
groups (TissuCol-, Histoacryl-, and Duraseal-group). Peritonitis was induced one day
before surgery with the caecal ligation puncture model. On day 0O, colonic anastomosis
was constructed with sutures and then sealed with no adhesive (control group) or
one select adhesive (experimental groups). Bursting pressure, abscess formation and
adhesion severity were evaluated on day 3 or day 14. Hematoxylin and eosin staining and

immunohistochemical staining for CD4, CD8, CD206 and iNOS were performed.

Results: On day 3 bursting pressures of the TissuCol-group (120.1+25.3 mmHg),
Histoacryl-group (117.3+£20.2 mmHg), and Duraseal-group (123.6+35.4 mmHg) were
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significantly higher than the control-group (24.4+31.7 mmHg, p<0.001). Abscesses around
the anastomosis were found in the control-group (6/7) and Duraseal-group (2/9), but not in the
TissuCol-group or Histoacryl-group. A higher number of CD206+ cells (M2-macrophages),
a lower number of iNOS+ cells (M1-macrophages), a higher M2/M1 index, and a higher
CD4+/CD8+ index were seen at the anastomotic site in all experimental groups compared
with the control group on day 3. On day 14 abscesses were only found in the control group.
Adhesion severity in the Duraseal-group was significantly lower than that in the control

group (p=0.001).

Conclusions: Anastomotic sealing using TissuCol®, Histoacryl® Flex, or Duraseal®
seems to be an effective and safe option to prevent leakage in contaminated colorectal
surgery. The presence of large numbers of anti-inflammatory macrophages seems to be

involved in preventing the leakage.

INTRODUCTION

Under certain conditions such as abdominal trauma or perforation in diverticulitis and
colorectal carcinoma, emergency surgery is initiated in order to repair bowel defects in a
contaminated environment. Instead of a Hartmann’s procedure for perforated diverticulitis,
primary anastomosis has become a well-accepted intervention in selected patients [1-4],
resulting in similar or even better clinical outcomes regarding postoperative mortality and
complication rates than Hartmann’s procedure [1, 5, 6]. However, performing primary
anastomosis in a contaminated environment is challenging and still causes substantial
leakage [7-9[, especially in urgent situations. Patients with perforated diverticulitis who
underwent primary anastomosis alone suffered a leakage rate of 19.3% [10], which is much
higher than the leakage rate of approximately 9% following a low anterior resection for

rectal cancer [11].

Intra-abdominal sepsis induces nitric oxide production at the anastomotic site, which
activates substantial inflammatory responses and subsequently impairs the collagen
synthesis thereby delaying anastomotic healing [12, 13]. Macrophages are one of the main

factors in the inflammatory response, and based on their behavior this response is either pro-
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inflammatory (M1) impairing wound healing or anti-inflammatory (M2) promoting wound
healing; other immune cells such as T lymphocytes, though not fully understood, were
also reported to be involved in the response [14]. Interestingly, the deleterious influence of
inflammation is localized on the anastomosis and does not affect new collagen synthesis
in the uninjured colon, where the biological barrier is intact [12]. This suggests that
using a tissue adhesive or sealant as an artificial barrier to obstruct contact between intra-
abdominal pathogens and anastomosis may reduce the deleterious effects of inflammation,
thus preventing anastomotic leakage. Among different tissue adhesive compounds, fibrin
glue and cyanoacrylate glue have been substantially investigated in both experimental and
clinical studies with promising results [15-17]. Other sealants, such as polyethylene glycol
glue, also had satisfactory results as an adhesion barrier system [18]. These tissue adhesives
have been tested in different environments [17, 19, 20], however knowledge regarding
their influence on anastomotic healing in a contaminated environment is still limited. We
therefore conducted an experiment under conditions of peritonitis induced by the rat caecal
ligation puncture (CLP) model that has been used in previous studies [21, 22]. Colonic
anastomoses were constructed and sealed with select tissue adhesives. This study aimed
to investigate the influence of the select tissue adhesives on anastomotic healing, and to
determine whether they are safe and effective solutions to prevent anastomotic leakage

under contaminated conditions.

METHODS

Animals

Male Wistar rats, weighing 250-350 grams, were purchased from a licensed breeder
(Harlan Laboratories, Boxmeer, the Netherlands). All rats were bred under specific
pathogen-free conditions, and kept under standard laboratory conditions. Standard rat
chow and water were supplied ad libitum. The research protocols of all experiments were
approved by the Ethical Committee on Animal Experimentation of Erasmus University

Rotterdam.
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Peritonitis model

To induce peritonitis, the rat caecal ligation puncture (CLP) model was used [21, 22]. In
brief, rats were anaesthetized with isoflurane/oxygen inhalation, and the abdomen was opened
through a midline incision. Then, the caecum was ligated distally to the ileocecal valve with
a non-absorbable nylon suture (Ethilon 4-0, Ethicon, Somerville, USA), maintaining the
continuity of the bowel. The distal caecum was punctured once with an 18-gauge needle, and
was gently compressed until feces were extruded. The abdomen was closed with two layers
of running sutures (Safil 5-0, B Braun, Melsungen, Germany). Wellness of all rats was
evaluated during the follow-up, and animal with severely compromised wellness (i.e. ceased
food intake, circulatory or respiratory difficulty, severe weight loss, severely abnormal

locomotion) would be euthanized and examined prematurely for humane endpoint.
Surgical technique and follow up

hours later, the rat was anesthetized again. The abdomen was reopened, and a culture
swab was taken to confirm peritonitis. After that, 6 mg/kg of gentamicin (Centrafarm, Etten-
Leur, The Netherlands) was injected intramuscularly. The ligated caecum was resected, the
abdominal cavity was rinsed with at least 20mL phosphate buffered saline (PBS, 37°C),
and colorectal anastomosis was performed afterwards. A colon segment of 1 cm in length
was resected approximately 3 cm proximally to the peritoneal reflection. An end-to-end
one-layer continuous anastomosis was constructed in an inverted fashion with Dafilon 8-0
(B. Braun, Melsungen, Germany). One researcher (ZW) performed all anastomoses under
microscopic vision enhancement. Following that, one tissue adhesive was selected and
applied at two parts: at the descending colon around the anastomosis as a sealant (distal
segment), and 1 cm in length at the beginning of the ascending colon (proximal segment).
The tissue adhesives were prepared according to the instruction manuals. Because all tissue
adhesive were designed for human patient with much larger amount of adhesive than the
amount we applied on rats, one tissue adhesive was randomly chosen on the operation day
and reused within the manual-instructed time period until reaching the planned group size.
If necessary, a blunt needle was used to guide an accurate adhesive application around the
anastomosis. The average amount of applied tissue adhesive is listed in Table 1. According

to the applied tissue adhesive, rats were divided into the control group, TissuCol-group,
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Histoacryl-group, and Duraseal-group. To ensure full polymerization of tissue adhesives
after application, we allowed the adhesives to set for five minutes before closing the

abdomen with a running suture (Safil 5-0, B Braun, Melsungen, Germany).

On postoperative day (POD) 3 or POD14, rats were anesthetized again and re-
laparotomy with a U-shape incision was performed. The abdomen was examined for
manifestations of abscess formation, anastomotic dehiscence, and adhesions. Adhesion
severity was recorded using the Ziihlke score [23]. Bursting pressure was determined
afterwards, and the bursting location was noted. The samples from the distal and proximal

segments were harvested for histological examination, then the rat was euthanized.
Histology and immunohistochemistry

All the harvested segments were fixed overnight in 4% buffered formaldehyde and
embedded in paraffin. The distal samples were cut longitudinally and the proximal samples
were cut transversely, both in a depth of 5 micrometers. Hematoxylin and eosin (HE)

staining was performed in all samples.

Three parameters including inflammatory cell infiltration, fibroblast activity, and
collagen deposition at the anastomotic site were evaluated for all the HE stained distal
samples. For each parameter a ranking was made for all the slides with the following
strategy: first, one researcher (ZW) and one pathologist (KL) performed a blind evaluation
of each slide under a microscope using the Ehrlich and Hunt numerical scale as modified
by Phillips et al. [24]. After scoring, a ranking was made within the slides having the same
score by cross-comparing the slides. Then the slides on the margin of each score were
compared and adjusted again (e.g. compare highest ranked ones with score 1 with lowest
ranked ones with score 2). Finally all the ranked slides were consecutively rearranged (sorted

from the lowest to highest rank) and minor modifications were made if necessary.

Immunohistochemical staining for CD4 (T helper cells), CDS8 (T suppressor cells), CD20
(B lymphocytes), iNOS (M1-macrophages), and CD206 (M2-macrophages) was performed
on distal samples. The slides were first deparaffinized and boiled in Tris/EDTA pH 9.0 for 15
min. Endogenous peroxidase activity was blocked with 1.5% H202 in PBS for 10 min. Slides
were blocked for 30 min with a 5% non-fat dry milk in PBS solution. The primary antibody of
CD4 (1:100, Emelca Bioscience, Breda, Netherlands), CDS8 (1:200, AbD Serotec, Kidlington,
UK), CD20 (1:100, Emelca Bioscience, Breda, Netherlands), CD206 (1:400, Abcam plc,
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Cambridge, UK), or iNOS (1:1600, Abcam plc, Cambridge, UK) was applied respectively,
and the slides were incubated overnight at 4°C. On the second day the slides were washed
with PBS, and subsequently incubated with Envision secondary rabbit-anti-mouse or rabbit-
anti-rabbit antibody (DAKO, Glostrup, Denmark) for 30 min. Diaminobenzidine (DAKO,
Glostrup, Denmark) was used for visualization of antigen-antibody reactivity. Finally all slides

were counterstained with hematoxylin, dehydrated and mounted.

A blinded investigator using a microscope under 40x10 magnification counted the
positive cell amount of each staining. For the anastomotic site, three fields were selected:
one on each cutting edge, the other one on the interface. For the serosa-glue site, three fields
were also chosen at the interface of the tissue adhesive and adjacent tissue; in the control
group, three fields were chosen at the interface of adhesion and adjacent tissue. The number
of positive cells for each staining was counted, and the average of the three fields was used
for analysis. An M2/M1 index was calculated with the equitation blew. A natural logarithm
was used to adjust the data from exponential distribution into linear distribution. A similar

equitation was also used for the CD4/CDS index.
Statistical analysis

Statistical analysis was performed with SPSS 21.0 (IBM software, USA). Data were
presented as mean (S.D.) or percentage. The one-way analysis of variance was performed
with the Kruskal Wallis Test or Chi-square Test, and a p-value < 0.05 was considered
to indicate statistical significance. In multiple comparisons, a was corrected with the
number of comparisons with the following formula: a’ = « /N (a = 0.05, N = number
of comparisons). When a significant difference was reached in the Kruskal Wallis Tests,
multiple comparisons were made between the control group and each corresponding tissue
adhesive the Mann-Whitney U Tests or Chi-square Tests in this study, so N = 3 was chosen
for correction. Only a p’-value < 0.017 (0.05/3) was considered to indicate statistical

significance in the multiple comparisons. All reported p-values were two-sided.

RESULTS

A total number of 67 rats were used in the experiment and seven rats (10.4%) died
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during follow-up. Six deaths occurred on the day of the operation due to septicemia, but no
anastomotic related complications were observed during autopsy. One rat had bloody stools
after its operation and died on POD3, with its autopsy showing abscess formation on the

anastomosis. There was no statistical difference in mortality rate between groups (Table 1).

After induction of fecal peritonitis with CLP model, all rats manifested septic
symptoms such as compromised activities, nasal/ocular exudates, fluffy hair, diarrhea and
weight loss, but no rat was prematurely euthanized for humane endpoint. On the operation
day, weight loss were seen in all rats with an average of 10 to 12 grams in each group; no
significant difference was found between groups. Abdominal fecal peritonitis were observed
in all rats, manifesting as existence of ascites with fecal content. Abdominal culture tests of
the ascites further confirmed bacterial contamination with Gram-positive (e.g. Enterococcus,

Staphylococcus) and Gram-negative (e.g. Escherichia coli, Proteus) flora.
Intra-abdominal observations

On POD3, anastomotic dehiscence occurred in 28.6% (2/7) of rats in the control group,
but not in other groups. Abscesses on the anastomosis was found in 85.7% (6/7) of rats in
the control group, 22.2% (2/9) of rats in the Duraseal-group, but not in the TissuCol-group
or Histoacryl-group, and it was significantly different between groups (p < 0.0001). On
POD14, abscess formation on the anastomosis were found in one rat from the control group

whereas none was found in the other groups.

The bursting pressure in the control group was 24.4 + 31.7 mmHg. This was
significantly lower than that in the TissuCol-group (120.1 + 25.3 mmHg, p = 0.001),
Histoacryl-group (117.3 + 20.2 mmHg, p = 0.001), and Duraseal-group (123.6 + 35.4
mmHg, p = 0.001, Figure 1). In the control group, 85.7% of the segments burst at the
anastomotic line during the test, while the rates in the other groups differed between 28.6%
(Histoacryl-group) and 50% (TissuCol-group). On POD14, most anastomotic segments did

not burst at the site of the anastomosis in the ABP tests.

Anastomotic adhesion formation was found in all rats. On POD3, the number of
adhesions was significantly different between groups (p = 0.012). An average adhesion
number of 3.7 was found in the control group, which was significantly higher than the
TissuCol-group (average: 1.8; p = 0.004) and Histoacryl-group (average: 1.9; p = 0.015),

but not significantly higher than the Duraseal-group (average: 2.8). Most rats were scored 2
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in the Ziihlke score (blunt dissection possible but partly sharp dissection possible; beginning
of vascularization), and no difference was found between groups. In contrast, on POD14,
the number of adhesions was similar between groups (average varied between 1.4 and 1.7),
while their severity significantly differed (p = 0.004). The lowest adhesion score was found
in the Duraseal-group (average of 1.3; firm adhesion, easy to separate by blunt dissection;
no vascularization). It was significantly lower than the control group (p = 0.001), which had

an average severity of 3.1 (lysis possible but sharp dissection only, clear vascularization).
Histology and immunohistochemistry
Anastomotic site

All the distal-segment slides showed an acute inflammatory response at the anastomotic
site on POD3. The inflammatory cell infiltration was highest in the control group, which was
significantly higher than that in the Histoacryl-group (p = 0.009). Lower fibroblast activity
and collagen deposition was seen in the control group compared with the experimental
groups, but their differences were not statistically significant (Figure 2). A lower number
of CD206+ cells (M2) and a higher number of iNOS+ cells (M1) were seen in the control
group, and the M2/M1 index for the control group was also statistically significantly
lower than all the tissue adhesive groups respectively (p = 0.002; Figure 3). A significant
correlation was found between the ABP value and the M2/M1 index (R = 0.682; p < 0.0001).
Similar changes were also seen in the CD4+ cells (T helper cells), CD8+ cells (T suppressor
cells), and CD4+/CD8+ index (Figure 4), although only the difference between the control

group and the TissuCol-group regarding CD8+ cells was statistically significant.

On POD14 most slides demonstrated sufficient wound healing on the anastomosis,
showing as re-continuity of mucosal and muscle layers, less inflammatory cell infiltration
and higher collagen deposition. There was no significant difference in fibroblast activity
and collagen deposition between the control group and the adhesive groups. A higher
number of iNOS+ cells (M1) and a lower M2/M1 index was seen in the control group

compared with the tissue adhesive groups (Figure 3).
Serosa-glue interface

On POD3, similar numbers of iNOS+ cells and CD206+ cells were seen at the serosa-

glue interface. The M2/M1 index, though higher in the tissue adhesive groups, was not
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significantly different between groups. On POD14, a significant higher M2/M1 index
was observed in the Histoacryl-group compared with the control group at the serosa-glue

interface (Figure 5).
Proximal samples

In proximal samples, except for a minimal number of inflammatory cells, evidence
of an inflammatory response was not seen in the control group. Similar to the distal
samples, a moderate reaction was seen at the serosa-glue interface in the TissuCol-
group, Histoacryl-group and Duraseal-group on POD3, which manifested as macrophage
infiltration around the tissue adhesive, without interrupting the continuity of the mucosal,
sub-mucosal and muscle layers of the colon. On POD14, the foreign body reaction in the
TissuCol-group was observed to have significantly reduced, and the glue was not observed
(neither macroscopically nor microscopically) in 75% (6/8) of the rats. The reaction in the

Histoacryl-group and Duraseal-group was still moderate.

DISCUSSION

Performing anastomosis in a contaminated environment results in a high leakage
rate of colorectal anastomosis and poor clinical outcomes, threatening patient’s safety.
To investigate whether using tissue-adhesive sealants prevents leakage in a contaminated
environment, we constructed colorectal anastomoses under fecal contamination using the
rat CLP model. All three chosen tissue adhesives increased the biomechanical strength
of anastomosis in the short term, without increasing the risk on adhesion formation in
the long term. The increased presence of anti-inflammatory macrophages (M2) and the
decrease of the presence of pro-inflammatory (M1) macrophages is associated with
increased biomechanical strength and most likely contributed to the positive effect of the
tissue adhesives. These results support the further application of these tissue adhesives in a

contaminated environment.

In this study, bacterial peritonitis induced with the CLP model caused high mortality,
intra-abdominal abscess formation, anastomotic dehiscence, and low bursting pressures in

the control group rats on POD3. These results are in line with previous studies [22,25,26].
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In comparison, we found that under sterile conditions colonic anastomotic bursting pressure
approximated an average of 80-90 mmHg (unpublished data). Lipopolysaccharide (LPS)
from intra-abdominal bacteria triggers the classical activation of macrophages (M1),
secreting nitric oxide, proinflammatory cytokines (i.e. tumor necrosis factor (TNF)- «,
interleukin (IL)-12), subsequently enhancing cell-mediated immunity [27]. Although the
exact mechanisms of nitric oxide in anastomotic healing is not yet determined, previous
studies found that sepsis-induced nitric oxide production subsequently impaired collagen
synthesis and thus delayed colonic anastomotic healing in the early phases [12,13].
Accumulation of nitric oxide also causes apoptosis of neutrophils [28], manifesting as
abscess formation. These histological changes were also observed in the control group, and
more importantly correlation between the M2/M1 index and the bursting pressure was also
found on POD3. These data demonstrate that bacterial peritonitis impaired anastomotic

healing in the short term in our CLP model and that macrophages play a role in this process.

We also observed that tissue adhesives reduced abscess formation and increased the
bursting pressure in the short term. These positive influences on wound healing are unlikely
to be completely determined by the sealant adhesiveness. We previously evaluated the
adhesiveness of twelve commercially available tissue adhesives in an ex-vivo rat colon
model [29]. According to that study, only cyanoacrylate (including Histoacryl® Flex) had a
strong adhesiveness that may instantly increase anastomotic strength. In contrast, all tested
fibrin and PEG glues (including TissuCol® and Duraseal®) had very limited adhesiveness,
which might hardly give additional strength to the anastomosis [29,30]. However, as is
shown in our results, both TissuCol® and Duraseal® significantly increased the bursting

pressure on POD3, indicating involvement of other mechanisms.

Activation of macrophages is critical in the acute phase of wound healing. In the early
phase, the wound strength mainly comes from the sutures and type III collagen produced
by fibroblasts [31]. The fibrogenesis by fibroblasts is enhanced by alternatively activated
macrophages (M2), while the classical activation of macrophages (M1) has negative
influence on collagen deposition [27, 32]. In addition to the actual cell count, the M2/M1
index is also a representative parameter for macrophage function in tissue reaction [33,
34]. Our data showed a lower number of M1, a higher number of M2, and a higher M2/
M1 index in the tissue adhesive groups in the short term. The data suggest an alteration
in the macrophage activation. We hypothesized that the tissue adhesive might isolate the

contact between the anastomosis and intra-abdominal bacteria, and thus prevented the
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endotoxin-induced proinflammatory responses. This was further supported by the results of
the Duraseal-group. In that group, a similar amount of iNOS+ cells as in the control group
was found at the serosa-glue site (macroscopically presenting as abscess formation), but the
anastomotic site was protected from this deleterious environment by the adhesive sealant,
and far fewer iNOS+ cells were seen around the anastomosis, probably contributing to the

high bursting pressure on POD3.

T lymphocytes also play an important role in the wound healing process. Previous
studies reported that accumulation of CD8+ cells had a negative influence on collagen
deposition and thus impairing early phase wound healing [35], which was also seen in
our data accordingly. After exposure to LPS, type I interferon (IFN-«, (3) produced by
antigen-presenting cells activates CD8+ cells (T suppressor lymphocytes) [36], which
trigger the apoptosis process of the infected somatic cells via the caspase cascade. The
involvement of CD4+ cells (T helper cells) in wound healing is complicated. T helper 1
cells are involved in cellular immunity, and enhance iNOS production in macrophages [37].
T helper 2 lymphocytes and mast cells, however, produce IL-4 and other cytokines, which
stimulates fibroblasts to produce extracellular matrix proteins, fibronectin, and collagen [38].
Although we did not further differentiate between the subpopulations of T helper cells, in
a previous study on thermal injury, a decrease in CD4+/CD8+ ratio could only be found in
infected wounds but not in the wounds without infection [14, 39]. A similar phenomenon
was only seen in our control group which had a contaminated anastomotic wound. These
data are in line with the observation in macrophage activation, and they further elucidate
that applying the tissue adhesives prevents localized infection on the anastomosis and thus

activates an alternative inflammatory response.

Previous studies found that the protective effect of tissue adhesive on the anastomosis
was temporary, mainly in the short term [20, 40, 41]. De Hingh et al. reported that
biomechanical strength of anastomoses is most vulnerable on POD3, and then gradually
recovers in the CLP model [26]. Other studies showed that the strength at the anastomosis
was higher than the intact colon in the long term, when the bursting location was not at the
anastomotic site [25, 42]. Similar changes in bursting pressure and inflammatory cells were
also seen in our data. Such phenomena are consistent with clinical observations, as most
clinical anastomotic leakages occur within the first seven postoperative days, especially
after contaminated procedures [25, 43]. In this regard tissue adhesives are required to

provide effective protection during the first critical days after surgery prior to a long-lasting
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protection. Our results showed application of select tissue adhesives assists wound healing

during the crucial period.

Increasing the anastomotic strength in the short term, it is also important that the
applied tissue adhesives do not cause other adverse events in the long term. Among those
events, adhesion formation and foreign body reaction are the most concerning ones for intra-
abdominal application of biomaterials [19, 20]. Our data showed that the tissue adhesives
used did not increase adhesion formation. The foreign body reaction after adhesive
application were moderate in all tissue adhesive groups, which were also shown in the M2/

M1 index in the long term.

Among the select tissue adhesives, fibrin glue has been known as inert [41, 44, 45],
and polyethylene glycol glue has been used as an adhesion barrier [18]. A moderate foreign
body reaction and adhesion formation after application of the cyanoacrylate glue, however,
was not expected because it was reported to increase inflammatory reactions, necrosis and
adhesion formation in normal or high-risk conditions [46-48]. The inconsistency between
previous cyanoacrylate studies and our data can be explained by several reasons. First,
our amount of cyanoacrylate, 0.02 mL, was much smaller than that in the previous studies
[20, 46], and thus fewer adverse events could be expected. In addition, most cyanoacrylate
studies with positive results used n-butyl-cyanoacrylate, which causes a less inflammatory
response and tissue toxicity than other cyanoacrylate molecules [20]. Therefore Histoacryl®
Flex was also used in this study which is made of n-butyl-cyanoacrylate. These differences,

though small, might significantly influence outcomes.

In conclusion, the application of the select tissue adhesives (i.e. TissuCol®,
Histoacryl® Flex, and Duraseal®) increased anastomotic strength in the short term
without increasing the long-term risk for adhesion formation. The alternative activation of
macrophages and T cells most likely mediated these positive effects. Our results support the

further application of anastomotic sealants in contaminated colorectal surgery.
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LEGENDS OF FIGURES

Table 1. Chemical components and postoperative mortality

. Amount per Number of |Postoperative
Chemical components |Manufacturer . .
anastomosis (mL) |animals deaths
Control = - - 17 3
TissuCol® Fibrin glue, with aprotinin Baxter, (Deerfield, USA) 0.1 16 0
Histoacryl@ Flex n»butyl»Z»cyanoacrylate B. Braun, (Melsungen, Germany) 0.02 17 3
Duraseal® Polyethylene glycol Covidien, (Mansfield, USA) 0.1 17 1
Total = = 67 7

Note: Overall mortality 7 / 67 = 10.4%.

0.001
3009 0.001
0.001

Figure 1. Comparison of anastomotic bursting pressures (ABP) on postoperative day
(POD) 3 and 14. Values are mean (S.E.M.). The On POD3, overall comparison, p = 0.001,
Kruskal-Wallis Test. On POD14, overall comparison, p = 0.039, Kruskal-Wallis Test. The p

values of Mann-Whitney pairwise comparisons are illustrated in the figure when relevant.
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Figure 2. Comparison of histological parameters on postoperative day (POD) 3 and
14. Values are mean ranking (S.E.M.). On POD3, overall comparison of inflammatory
cell infiltration ranking (2.A) yielded a p = 0.003 with the Kruskal-Wallis Test. Overall
comparisons resulted a p > 0.05 in the other parameters, Kruskal-Wallis Test. The p values

of Mann-Whitney pairwise comparisons are illustrated in the figure when relevant.
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Figure 3. Comparison of macrophage subtype (i.e. M2 and M1) amount at anastomotic site
on postoperative day (POD) 3 and 14. Values are mean of cell count (S.E.M.). On POD3,
overall comparison of M2 (3.A), p = 0.003; M1 (3.B), p = 0.011; M2/M1, (3.C) p = 0.002,
Kruskal-Wallis Test. On POD14, overall comparison of M2 (3.A), p > 0.05; M1 (3.B), p
= 0.016; M2/M1, (3.C) p = 0.010, Kruskal-Wallis Test. The p values of Mann-Whitney

pairwise comparisons are illustrated in the figure when relevant.
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Figure 4. Comparison of T lymphocyte amount at anastomotic site on postoperative day
(POD) 3 and 14. Values are mean of cell count (S.E.M.). On POD3, overall comparison
of CD4+ (4.A), p = 0.042; CD8+ (4.B), p = 0.027; CD4+/CD8+, p > 0.05 (4.C), Kruskal-
Wallis Test. Overall comparisons on POD14 all resulted a p > 0.05, Kruskal-Wallis Test.

The p values of Mann-Whitney pairwise comparisons are illustrated in the figure.
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Figure 5. Comparison of macrophage subtype (i.e. M2 and M1) amount at serosa-adhesive
site on postoperative day (POD) 3 and 14. Values are mean of cell count (S.E.M.). Despite
overall comparison of M2/M1 on POD14 (5.C) yielded a p = 0.036, all the other overall
comparisons on POD3 or 14 resulted a p > 0.05, Kruskal-Wallis Test. The p values of

Mann-Whitney pairwise comparisons are illustrated in the figure.
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ABSTRACT

Background: Anastomotic leakage after gastrointestinal surgery remains a challenging
clinical problem. This study aimed to investigate the effectiveness of TissuCol® (fibrin-
glue), Histoacryl® Flex (n-butyl-2-cyanoacrylate), and Duraseal® (polyethylene-glycol) on

colorectal anastomotic healing during experimental colitis.

Methods: We first performed colectomy seven days after 10mg trinitrobenzene
sulfonic acid (TNBS)-induced colitis to validate a rat TNBS-colitis-colectomy (TCC)
model. Subsequently, this TCC model was used in 73 Wistar rats divided into a colitis-
group (CG, no adhesive), a TissuCol-group (TG), a Histoacryl-group (HG), and a Duraseal-
group (DG). Anastomotic sealant was applied with one adhesive after constructing an end-
to-end hand-sewn anastomosis. Clinical manifestations, anastomotic bursting pressure
(ABP), and immunohistochemistry of macrophage type-one (M1) and type-two (M2) was
performed on postoperative-day (POD)-3 and POD7.
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Results: TNBS caused mucosal and sub-mucosal colon damage and compromised
anastomotic healing (i.e. abscess formation and low ABP). On POD3, higher severity
of abscesses was seen in CG. Average ABP was 53.2+35.5 mmHg in CG, which was
significantly lower than HG (134.4+27.5 mmHg) and DG (95.1+54.3 mmHg) but not TG
(83.4+46.7 mmHg). Furthermore, a significantly higher M2/M1 index was found in HG.
On POD7, abscesses were only seen in CG (6/9) but not in other groups; HG had the lowest

severity of adhesion.

Conclusion: We describe the first surgical IBD model by performing colectomy
in rats with TNBS-induced colitis, which causes intra-abdominal abscess formation and
compromises anastomotic healing. Anastomotic sealing with Histoacryl® Flex prevents
these complications in this model. Alternative activation of macrophages seems to be

involved in its influence on anastomotic healing.

INTRODUCTION

Inflammatory Bowel Disease (IBD) is a chronic relapsing disorder, and significantly
impairs patient’s quality of life. Although oral and parenteral therapies are the mainstays in
the management of IBD, surgical treatment is still required in case of unsuccessful medical
management or occurrence of severe complications. Approximately 20-30% of patients with
chronic ulcerative colitis (UC) ultimately require surgical treatment, and 30% of them need

a total colectomy within five years after diagnosis [1, 2, 3].

Despite a residual chance for relapse, these patients still suffer substantial risk of short-
and long-term surgical complications after operation. After surgical intervention such as
ileal-pouch-anal anastomosis, an overall complication rate approximating 30% to 40%
in IBD patients has been reported. The patients have even higher rates of complications,
especially the infectious ones (68%) when receiving high doses steroids [3, 4]. A major
course of the infectious complications (e.g. pelvic sepsis) is leakage at the sutured or stapled
anastomotic site [3, 5]. Therefore, preventing anastomotic leakage is a major objective in
the request for preventing postoperative complications. Unfortunately, however, effective

strategies are still lacking to date.
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Using tissue adhesives as an artificial barrier at the anastomotic site seems to be a
promising avenue for combating anastomotic leakage rates [6]. Previously, we evaluated
the mechanical strength and biological reaction of tissue adhesive in rat models and showed
that several tissue adhesives (i.e. TissuCol®, Histoacryl® Flex, and Duraseal®) effectively
prevented leakage in contaminated conditions [7, 8]. However, the potential applicability
of these results in the setting of inflammatory bowel disease is obscure at best and further

investigation in this regard is urgently needed before human testing can commence.

In the microbiologically contaminated environment of the inflamed intestine,
prevention of colorectal anastomotic leakage critically depends on skewing the ratio
between pro-inflammatory macrophages (M1) and regulatory macrophages (M2) [7]. In
addition, macrophages also play an important role in IBD pathology per se, but their exact
role remains controversial. Though not fully understood, it has been reported that nitric
oxide (NO) production through inducible nitric oxide synthase (iNOS) by M1 macrophages,
perpetuates chronic inflammation [9]. Conversely, accumulation of M2 macrophages has
been reported to reduce the severity of IBD [10]. In view of their principal and antagonistic
roles in anastomotic healing, further investigation as to strategies to increase the M2
component and to decrease the M1 component of the macrophage compartment is of evident
importance to devise rational clinical strategies for furthering anastomotic healing in IBD

patients.

Although many IBD models have been established and contributed greatly to
mechanistic insight in IBD as well as to potential treatment [11, 12, 13, 14, 15], a model
focused on the surgical treatment of this disease is conspicuously lacking. To this end in this
study we developed a novel surgical IBD model by combining the rat colectomy model with
the trinitrobenzene sulfonic acid (TNBS) induced colitis model to study these questions [16,
17]. Colonic anastomoses were constructed in rats with colitis and sealed with one selected
tissue adhesive. Clinical manifestations, anastomotic healing, and the ratio of M2- and M1-
macrophages using immunohistochemistry were evaluated after surgery to determine the
effect of the adhesives. The results show that tissue adhesives and especially Histoacryl®
Flex improves outcome, which open the way for human trials testing this adhesive in the

surgical treatment of IBD patients.
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METHODS

Animals

Male Wistar rats, weighing 300-350 grams, were purchased from a licensed breeder
(Harlan Laboratories, Boxmeer, the Netherlands). The rats were bred under specific
pathogen-free conditions and kept in individually ventilated cages. The study was
performed according to a research protocol approved by the Ethical Committee on Animal

Experimentation of Erasmus University Rotterdam.
Establishing a novel rat TNBS-colitis-colectomy (TCC) model

We developed the TCC model by combining the TNBS colitis model with our

previously validated rat colectomy model [16, 18].

The rats were fasted for one day before TNBS-colitis induction to ensure a generally
empty colon. On the day of colitis induction, the rats were anaesthetized with isoflurane/
oxygen inhalation, and a plastic cannula (7.5 cm in length) was inserted trans-anally into the
rat colon. TNBS solution (10 mg diluted in 25% ethanol, 0.25 ml; TNBS group, 5 rats) or
25% ethanol (0.25 ml; control group, 10 rats) was injected respectively. The rats were put in
a head-down position for 5 minutes and then returned to the cages with free access to food

and water.

Seven days later, a partial colectomy was performed in all rats according to our
previously published method and conditions (Figure 1) [18], resecting the major part of the
colon distal to the caecum. Subsequently, an end-to-end one-layer continuous anastomosis
was constructed in an inverted fashion with Dafilon 8-0 (B. Braun, Melsungen, Germany).
One trained researcher (ZW) performed all anastomoses under microscope. After closing
the abdominal wall, 5 mL saline was subcutaneously injected to prevent dehydration.
TNBS-caused colon damage was evaluated during surgery; functional, macroscopic and
histological changes regarding anastomotic healing were evaluated on postoperative day

(POD)-3.
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Evaluating tissue adhesives in the rat TCC model

Evaluation of tissue adhesives in the rat TCC model was performed according to
procedures essentially similar as those described above for development and validation of

this model. Seventy-three rats with TNBS-colitis were used in this experiment.

Following anastomosis construction, one selected tissue adhesive was applied around
the anastomosis as a sealant. The tissue adhesive was prepared according to the instruction
manual. According to the applied tissue adhesive, rats were divided into the colitis group (no
adhesive applied), TissuCol group, Histoacryl group, and Duraseal group. A blunt needle
was used to guide adhesive application when necessary. A standard amount tissue adhesive
was applied as in our previously published study and listed in Table 1[7]. After application,
a five-minute curing time was allowed to ensure full polymerization of the adhesive. The
colitis group, which serves as the non-adhesive negative control, was alternatingly operated
between the tissue adhesive groups in order to rule out any systematic bias. TNBS-induced
colon damage was also evaluated during surgery; functional, macroscopic and histological

changes regarding anastomotic healing were evaluated on POD3 and POD7.
Evaluation of colon damage

During the colectomy, the rat colon was carefully examined for signs of adhesions to
adjacent organs and other pathological changes. Immediately after resection the resected
colon was opened longitudinally and flushed with PBS solution. One blinded researcher
(SV) weighted and measured the length of the resected colon, and a colon weight ratio was
calculated (i.e. colon weight/length ratio, g/cm). Subsequently, the colon sample was scored
according to the system described by Monozzi et al. (see Supplemental Digital Content,
Table S1.a) [16]. H&E staining of the colon damage specimens was performed. The slides
were scored according to the histological scoring system which was used by Monozzi et al.

(see Supplemental Digital Content, Table S1.b) [16].
Evaluation of intra-abdominal manifestations and histology

On POD3 or POD7, rats were anesthetized and the abdomen was examined for
manifestations including intra-abdominal abscess formation, anastomotic dehiscence and

adhesion. Abscess severity was scored according to the previously described abscess score,
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which was further adapted for its use in this rat model [19, 20] (see Supplemental Digital
Content, Table S2). Adhesion severity was recorded according to the Ziihlke score [21].
Anastomotic bursting pressure (ABP) was determined after macroscopic observation with

the previously described method [7, 18].

H&E stained slides of the anastomotic area of the slides were scored using the Ehrlich
and Hunt numerical scale as modified by Phillips et al. [21]. One pathologist (KL) and
one researcher evaluated all the slides in a fully randomized order. Immunohistochemical
staining for CD206 as a marker for M2 macrophages and iNOS as a marker for M1
macrophages was performed on anastomotic samples employing the same method
described in our previous study [7]. The primary antibody against CD206 (1:400, Abcam
plc, Cambridge, UK) or iNOS (1:1600, Abcam plc, Cambridge, UK) was applied. To
determine the positive cell count on each slide, eight fields were selected on each slide using
a microscope with an imaging system (Olympus DP25, Japan), under 20x10 magnification
(2560x1960 pixels). Five fields were selected at the anastomotic site and three fields were
selected at the serosa-adhesive site, the interface of the tissue adhesive and adjacent tissue
(see Supplemental Digital Content, Figure S1.). In the groups without tissue adhesive
application, the latter three fields were chosen at interface of serosa and adjacent tissue
(anastomotic adhesion). Following the randomization of the slide number with a computer
program, the number of positive cells for each field was counted with ImageJ (National
Institutes of Health, USA). The average number of the five fields (i.e. macrophage at
anastomotic site) and the three fields (i.e. macrophage at serosa-adhesive site) was used for
analysis respectively. An M2/M1 index, using the natural logarithm to adjust the data to

normal distribution, was calculated according to the following equitation.
Statistical analysis

Data of the validation experiment were first analysed separately to validate the TCC
model, but were thereafter pooled with the other data for final analysis to improve statistical
power. Statistical analysis was performed employing SPSS 21.0 (IBM software, USA).
Data were presented as mean + standard deviation (S.D.) unless stated otherwise. To detect
differences in the variance between groups, Levene’s test was used. The one-way analysis
of variance was performed with the Kruskal-Wallis Test (for non-parametric parameters) or
one-way ANOVA (for normal distributed parameters), and a p-value < 0.05 was considered

to indicate statistical significance. For post-hoc comparisons, the Fisher's least significant
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difference (LSD) test was used for normal distributed parameter. In pairwise comparisons,
the Mann-Whitney U test was used. Comparisons were made between the colitis control
group and each of the tissue adhesive groups, not between the tissue adhesive groups. All

reported p values are two-sided.

RESULTS

Validation of the TNBS-colitis colectomy (TCC) model

We set out to establish a model that would allow us to investigate the effects of
different tissue adhesives in an IBD-relevant context. To this end we decided to combine
TNBS colitis with colectomy in experimental rodents. For validating this approach a total
number of 15 rats were employed, 10 rats allotted to a control group, whereas 5 other ones
were subjected to TNBS treatment. Seven days after TNBS administration, colon hyperemia
and ulceration were clearly evident in the TNBS group, resulting in an average gross colon
damage score of 2.6 + 1.1, which was significantly higher than the score of 0.4 + 0.5 in the
control group (p = 0.002). The resected colon weight ratio was 0.13 + 0.04 g/cm in the
TNBS group, which was higher but not significantly different from the control group (0.11
+0.01 g/cm).

On POD3, one rat from the TNBS group had anastomotic dehiscence. An average
bursting pressure of 47.0 + 34.3 mmHg was observed in the TNBS group, which was lower
than that in the control group (84.0 = 34.9 mmHg, p = 0.129). We concluded that our novel

TCC model would allow us to test the influence of tissue adhesives in an IBD-relevant setting.
TNBS-Colitis damage evaluation

A total number of 73 rats were used for evaluating the influence of tissue adhesives on
anastomotic healing. Of these experimental animals, 9.6% (7/73) died within 24 hours after
surgery, with no difference being evident between groups in this respect. Autopsy showed
that all deaths were due to acute complications (e.g. bleeding, anaesthesia) other than

anastomotic leakage and thus these animals were excluded from further analysis.

Comparisons of the colitis rats from the validation experiment with the ones from
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the tissue adhesive experiment resulted in satisfactory similarity with regard to the colon
damage and anastomotic healing (see Supplemental Digital Content, Figure S2), allowing

the data to be pooled together (named colitis group) for further analysis.

Seven days after TNBS-colitis induction, colon damage such as hyperaemia, ulceration
and adhesion formation was seen in all colitis rats (Figure 2). The average gross colon
damage score of each group varied between 2.0 to 3.0, with no significant difference
between groups; the resected colon weight/length ratio was not different between the groups
as well (see Supplemental Digital Content, Figure S2), suggesting that application of tissue

adhesives is not associated with any systematic experimental bias per se.

Compared to the normal rats (i.e. the control group), the resected colon weight/length
ratio, and macroscopic damage score of the colitis rats was significantly higher (p < 0.001
respectively; Figure 2.). Inflammatory cell infiltration, mucosal and sub-mucosal damage,
and poor regeneration were seen in colitis rats during histological evaluation, resulting in
an average histological damage score of 5.9 + 2.6, which was significantly higher than an

average of 3.0 = 1.9 in the normal rats (p = 0.002; Figure 2.).
Postoperative intra-abdominal evaluation

On POD3, 73.7% of colitis rats (28/38) displayed intra-abdominal abscess formation
but no significant difference between the groups was noted. Most abscesses were formed
near the anastomotic site, and higher severity of abscess formation was seen in the colitis
group, but this did not reach statistical significance in the overall comparison between
the groups. Significantly different adhesion severity was observed (p = 0.021; Figure 3.).
Though not significant, higher severity of adhesion formation was seen in the colitis group

and the TissuCol group.

An average bursting pressure of 53.2 + 35.5 mmHg was seen in the colitis group on
POD3, which was significantly lower than the control group (84.0 + 34.9 mmHg, p = 0.027)
and the Histoacryl group (134.4 + 27.5 mmHg, p < 0.001), and lower than the Duraseal
group with marginal significance (95.1 £ 54.3 mmHg, p = 0.049) but not the TissuCol group
(83.4 £46.7 mmHg, p = 0.12; Figure 4.).

On POD7, intra-abdominal abscess formation was found in 66.7% rats of the colitis

group (6/9) but not in any other group (p = 0.002; Figure 3). Most rats had anastomotic
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adhesions that were strong or firm adhesions based on the Ziihlke score. The highest
adhesion score was found in the colitis group (3.4 = 0.5), which was significantly higher
than that observed in the Histoacryl group (2.7 = 0.5; p = 0.033) but not different from the

other two groups (Figure 3).

On POD7, the highest bursting pressure was observed in Histoacryl group (213.3 +
20.1 mmHg), but it was not significantly higher than the control, Duraseal, or TissuCol
group (160.6 + 90.2 mmHg, 195.0 + 43.4 mmHg, 203.8 + 23.1 mmHg; p > 0.05). The intra-
experimental group variation of the ABP in the colitis group was significant larger from the

TissuCol group (p = 0.031) and Histoacryl group (p = 0.032).
Histological evaluation

H&E scores were similar between groups with no significant difference, and acute
inflammation was seen on H&E stained slides on POD3 in all groups (see Supplemental
Digital Content, Figure S3). The number of CD206+ cells (indicating M2-macrophages) at
the anastomotic site was similar between groups on POD3, while a higher number of iNOS+
cells (indicating M1 macrophages) were seen in the colitis group. The M2/M1 index was
significantly different between groups on POD3 (p = 0.016), and a higher M2/M1 index was
found in the control group and Histoacryl group (Figure 5). At serosa-adhesive interface,
a significantly higher number CD206+ cells was found in the Histoacryl group; similar
numbers of iNOS+ cells were seen in all the colitis rats on POD3, which were all higher
than the control group. The M2/M1 index was similar between the colitis rats, which were

all lower in average than the control group.

Histology with H&E staining revealed less inflammatory cell infiltration, more
fibroblasts and more collagen deposition at the anastomotic site on POD7 than those on
POD3 (see Supplemental Digital Content, Figure S3). The number of iNOS+ cells was
significantly reduced compared to that on POD3, without difference between groups.
A higher M2/M1 index as compared to the earlier time points was also found in each
experimental group, but no difference between the groups was detected. Pooling the M2/
M1 index data of POD7 with those of POD3, a significant correlation was found between
the ABP value and the M2/M1 index (R square = 0.105; p = 0.004). At serosa-adhesive
interface, similar numbers of CD206+ cells and iNOS+ cells, and similar M2/M1 indexes

were observed between the groups (Figure 5).
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DISCUSSION

Surgical treatment is required in many IBD patients, and with limited preventive
strategies, substantial severe short-term postoperative complications still occur. In this
study, we developed a novel experimental surgical IBD model (i.e. the TNBS-colitis-
colectomy model: TCC model) and investigated the influence of three tissue adhesives on
anastomotic healing in this model. Among the selected adhesives, especially Histoacryl®
Flex significantly increased the biomechanical strength of anastomosis, and reduced

accumulation of pro-inflammatory macrophages at the anastomotic site.

The rodent TNBS-colitis model has been widely used for IBD research and has
appropriate visual, histological and also gene-expressional changes resembling those
observed in human ulcerative colitis [16, 22, 23, 24]. Our gross observations and
histological results are in line with the previous data with consistent colon damage in the
colitis rats. Although we did not perform subtotal colectomy or ileal pouch-anal anastomosis
in the rat model, performing partial colectomy on basis of the colitis model also allows us to
resect most part of the diseased segment [17], which is also the clinical purpose of surgical
intervention in IBD patients. Our data demonstrate that the presence of colitis compromises
surgical outcomes with main features including lower ABP, higher intra-abdominal abscess
and adhesion severity, which are in agreement with clinical findings in IBD patients.
Accumulation of M1 macrophages at the anastomotic site is likely to play a role in the
impaired anastomotic healing process in the colitis group. We base this statement on two
observations: first, compromised ABP and higher number of M1-macrophage was observed
in the colitis group as compared with the control group; second, the significant increase of
ABP in the Histoacryl group was accompanied with a lower number of M1 macrophages
and a higher M2/M1 index at anastomotic site. It is well known that IBD has a chronic and
recurrent course with mucosal damage and over-recruitment of inflammatory cells. The M1
macrophages at anastomotic site in our TCC model may have been accumulated due to both
colitis and anastomotic healing. Unfortunately, our results do not allow us to determine the
origin of M1-macrophage at the anastomotic site in the TCC model and further investigation

in this respect is needed.
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The mechanism as to how tissue adhesive may act in preventing anastomotic leakage
is not yet fully understood. We observed lower severity of abscess formation on POD3
and full clearance of intra-abdominal abscesses in the tissue adhesive groups on POD7.
These data indicate tissue adhesives may act in this model through prevention of intra-
abdominal abscess formation and correspond to earlier data from our laboratory, albeit that
this previous study was not performed in an IBD-relevant context [7]. The most obvious
cause of the prevention of such abscesses is a sealing effect blocking intra-luminal content
from leaking into the abdominal cavity. Among our selected tissue adhesives, compositions
of Duraseal, a synthetic hydrogel (i.e. polyethelene glycol and trilysine), provided us
the possibility to evaluate the effect of a pure watertight anastomotic sealant. It has no
component influencing the wound healing process [6]. These data further suggest that the
sealing effect observed in our study may not entirely depend on the mechanical strength of

tissue adhesives.

The pathogenic differences of IBD from other disease are important factors influencing
the effectiveness of tissue adhesives. It has been reported that fibrin glue used as a non-
surgical treatment of anal fistula failed to reach satisfactory outcomes in IBD patients [25].
In line with this, our data also suggest that in the context of colitis these mechanically weak
sealants with or without wound-healing components are less effective when compared with
the cyanoacrylate. This is mainly based on two observations in our study. First, although
the average was higher, ABP of 40 mmHg or lower on POD3 was still observed in both the
TissuCol and Duraseal groups, while ABP in the Histoacryl group were all higher than 90
mmHg. Moreover, the M2/M1 index of the TissuCol and Duraseal groups on POD3 still
demonstrated an inflammatory rather than an anti-inflammatory status as observed in the
control and Histoacryl group. The M2/M1 index at the serosa-adhesive site also indicates
an acute foreign body reaction, especially in the Duraseal group. These data may also partly

explain the unsatisfactory clinical results of fibrin glue application.

In addition to a watertight sealing effect, the strength of Histoacryl® Flex is much
higher than the other selected adhesives, providing sufficient additional mechanical strength
to a primary anastomosis regardless of its original configuration (i.e. sufficient, insufficient
or even sutureless anastomosis) [17, 26, 27]. Such reinforcement may further provide a
firm contact between the cutting edges, creating an ideal environment for anastomotic
healing. Moreover, more M2 macrophages were observed at serosa-adhesive interface in

the Histoacryl group, which are known to foster regenerative responses through connective
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tissue inducing characteristics including the stimulation of collagen production [28, 29].
It is not an easy task to further verify whether strong adhesiveness of Histoacryl® Flex is
the main mechanism of preventing leakage, because modification of the adhesiveness of
cyanoacrylate may also change its biological properties. However, from a practical point
of view, our data, together with the evidence from other animal studies, have revealed the
effectiveness and safety of n-butyl-cyanoacrylate as an anastomotic sealant [30]. It seems to

be a promising adjuvant in a surgeon’s toolbox.

We recognize that one main limitation of the TCC model is that it only partially mimics
human IBD pathology. In addition, most of the diseased colon segment was resected in
during colectomy, which may limit the severity of the inflammatory response in long-term
after surgery. We therefore chose POD7 (14 days after colitis induction) but not any longer
as our second follow-up time. This limitation probably explains the high ABP values in all
the groups on POD7. Nevertheless, significant variations were still observed in the colitis
group. Different from increasing the bursting pressure on POD3, the selected tissue adhesive
seemed to prevent the failure of wound healing on POD7. It is known that application of
cyanoacrylate provides an immediate reinforcement with much reduced ABP variation [17].
The increase of ABP was accompanied with a decrease in M1 macrophages in all groups.
Combining the short- and long-term data revealed a significant correlation between the M2/
M1 index and ABP, which is in line that timely switching of the macrophages from the M1

to the M2 phenotype is important to enhance anastomotic healing.

The use of anastomotic sealant is only one strategy to prevent postoperative
complications and results may further improve when combined with other interventions.
Especially pharmacological treatments are of great importance in current IBD medical
regime, also in a post-operative setting. We think that the model introduced in the present
study might aid efforts to understand the influence of pharmacological therapy (e.g. anti-
TNF-0, anti-IL-6) on postoperative complications in IBD patients and help understanding
the factors governing impaired wound healing process. Investigations addressing this

possibility are currently underway in our laboratory.
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CONCLUSION

In conclusion, we describe here a novel surgical IBD model by performing colectomy
in rats with TNBS-induced colitis, which causes substantial intra-abdominal abscess
formation, compromises anastomotic healing. We also demonstrate that application of
the selected tissue adhesives, especially Histoacryl® Flex, has a favourable effect to the
colorectal anastomotic healing and prevents postoperative complications in the this model.
Timely switching of the macrophages from M1 to M2 phenotype seems to be associated

with less complications during the early phases of anastomotic healing.
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LEGENDS TO THE FIGURES

Table 1. Chemical components and dosage of the selected tissue adhesives employed in

the study.
. . Adhesive dosage per
Commercial name |Chemical components Manufacturer i
anastomosis (mL)
TissuCol® Fibrin glue, with aprotinin Baxter, (Deerfield, USA) 0.1
Histoacryl@ Flex n-butyl-Z-cyanoacrylate B. Braun, (Melsungen, Germany) 0.02
Duraseal® Polyethylene glycol Covidien, (Mansfield, USA) 0.1
a

Figure 1. Schematic overview of the rat colon and the methodology employed for the
trinitrobenzene sulfonic acid (TNBS)-colitis-colectomy model, anterior view. (A) Rat colon
before colectomy. (B) Rat colon after colectomy. Anatomy: a. caecum, b. terminal ileum,
c. rectum and anus, d. colitis lesion (intra-luminal). Procedure: (1) Seven days before the
colectomy, a TNBS solution (10 mg diluted in 25% ethanol, 0.25 ml) is injected trans-anally
with a plastic cannula and this causes colon damage (d); (2) During colectomy, a major
part of the colon (i.e. selected with dashed line and indicated with grey colour) is resected ;
(3) After colon resection, an end-to-end one-layer continuous anastomosis (red arrow) was

constructed in an inverted fashion.
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Figure 2. Comparison of the colonic damage between control rats and rats with
trinitrobenzene sulfonic acid (TNBS)-induced colitis. In the control rats, 0.25 ml of 25%
ethanol was trans-anally injected, n = 10; in the colitis rats, 0.25 ml of 10 mg TNBS diluted
in 25% ethanol, n = 78 in A and B, n = 15 in C. (A) Resected colon weight ratio (i.e. wet
weight over segment length). (B) Gross colonic damage score. (C) Histology score of colon
damage. Values are mean (+ S.E.M.). The p values of Mann-Whitney analysis of statistical
significance between the groups are provided as well. (D) Compared to the normal rat
colon (on the right), a colitic colon (on the left) manifests wall thickening, ulceration, and
necrosis (black arrow) as is illustrated with the intra-luminal view of the rat colon sample.
(E) Histological manifestation of TNBS colitis. The top part of the figure represents the
extra-colon side, and the bottom side image represents the intra-colon side. The selected
area is enlarged and illustrated in F. Normal structure of colon mucosa and sub-mucosa
is destructed, and substantial inflammatory infiltration and adhesion (red arrow) is seen

instead.
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Figure 3. Comparison of abscess and adhesion severity on postoperative day (POD)-3
and POD7 between the various experimental groups employed in this study. (A) Overall
comparison of abscess severity yielded a p > 0.05 on POD3 but a p < 0.001 on POD7 as
determined using the Kruskal-Wallis test. On POD7, abscess formation was only observed
in the colitis group, which yielded significantly higher abscess severity compared to the
other groups on POD7. (B) Overall comparison of adhesion formation resulted in p =
0.021 on POD3 and p = 0.040 on POD7 when analyzed with the Kruskal-Wallis test. The
Histoacryl group had significantly lower anastomotic adhesion severity than the colitis
group. The figure also provides the p values of Mann-Whitney pairwise comparisons
between the colitis group and other groups when relevant. Values are mean (+ S.E.M.), n =

16 in the colitis group on POD3, n = 7-10 in the other groups.
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Figure 4. Comparison of anastomotic bursting pressure (ABP) on postoperative day (POD)-3
and POD7 between the various experimental groups employed in this study. Values are bars
and whiskers (min to max, middle line at median); n = 15 in the colitis group on POD3; n
= 7-10 in the other groups. On POD3, overall comparison, p = 0.002, Kruskal-Wallis Test.
The control group and the Histoacryl group yielded significantly higher ABP compared to
the colitis group. The p values of Mann-Whitney pairwise analysis are provided as well. On
POD7, an overall comparison yielded a p > 0.05 as determined with the Kruskal-Wallis test.
The TissuCol group and Histoacryl group showed significantly less variation in ABP when
compared to the colitis group. The p values, as determined with Levene’s test, are provided

and were indicated with a dashed line.
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Figure 5. Comparison of macrophage amount at the anastomotic site and the serosal-
adhesive site on postoperative day (POD)-3 and POD7 between the various experimental
groups employed in this study. The comparisons were listed in A and B, and illustrated in
C-H. Values are the means (S.E.M) of cell counts, n = 16 in the colitis group on POD3,
n = 7-10 in the other groups. (A) Comparison of macrophage amount at the anastomotic
site. (B) Comparison of macrophage amount at the adhesive site. A.1 and B.1 illustrates
comparison of regulatory M2-macrophage (indicated as CD206+) amount; A.2 and B.2
illustrates comparison of inflammatory M1-macrophages (indicated as inducible nitric oxide
synthase positive, iNOS+) amount; A.3 and B.3 illustrates comparison of M2/M1 index,
i.e. In(CD206+/iNOS+). * indicates p < 0.05 in the overall comparison using the Kruskal-
Wallis Test. The p values of Mann-Whitney pairwise comparisons between the colitis
group and other groups were also provided when relevant. (C) Histological observation of
an H&E stained anastomosis from the control group. The right side of the image represents
the extra-luminal side, and the left side represents the intra-luminal side of the colon. The
selected area indicates the anastomotic area which were also chosen in one rat from each
group respectively on POD3. The chosen anastomoses are listed in the Column 1 in D-H.
(D-H) Immunohistochemistry staining of CD206 and iNOS at the anastomotic site and the
adhesive site. In each row, column 1 illustrates the H&E stained anastomotic area of the
selected sample. The selected area with solid line indicates the anastomotic area which is
enlarged and illustrated in column 2 and 3 for representation of the CD206+ and iNOS+
cells respectively. The selected area with dashed line indicates the adhesive area which is
enlarged and illustrated in column 4 and 5 for representation of the CD206+ and iNOS+
cells respectively. # indicates area where the adhesive is present (i.e. in the TissuCol group)

or existed but dissolved during staining (i.e. in the Histoacryl group and Duraseal group).
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SUPPLEMENTARY DATA

Table S1.a Scoring methodology employed for assessing macroscopic morphology of colon

damage
Feature graded Grade Description
0 None
Hyperemia 1 Mild
2 Severe
0 None
1 Damage <1 cm length
Ulceration/necrosis 2 Damage >1 cm and <2 cm length
3 Damage >2 cm and <3 em length
4 Damage >3 cm length
0 None
Adhesions
1 Presence of adhesions

Reference: Menozzi A, Pozzoli C, Poli E, et al. Long-term study of TNBS-induced colitis in rats: focus on mast cells. Inflamm Res

2006355:416-22.

Table S1.b Scoring methodology employed for assessing histological morphology of colon

damage
Score Description
0 no abscess
0.5 one small abscess
1 several small abscesses
2 one medium abscess
3 one large or Several medium abscesses
4 one Very large or Several large ahscesses
Reference:

Rodgers K, Xiong S, Espinoza T, et al. Angiotensin II increases host resistance to peritonitis. Clinical and diagnostic laboratory immunologj/

2000;7:635-40.

Verco SJS, Peers EM, Brown CB, et al. Deve[opment of a novel glucose polymer solution (icodextrin) for adhesion prevention: pre~clinical

studies. Human Reproduction 2000;15:1764-72.
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Table S2.b Specification of the abscess scoring system for application in the rat model

Abscess size

Specification

Diameter

small abscess

< 1mm

< Imm

medium abscess

> 1mm, < half of normal rat colon width

approximately 1-3mm

large abscesses

> half, < normal colon width

approximately 3-5 mm

very large abscesses

> normal colon width

approximately > 5 mm, usually with pus

Table S3. Comparison of clinical manifestations between colitis rats from the validation

experiment and from the tissue adhesive experiment

Colitis rats from the validation Colitis rats from the tissue

experiment (n=5) adhesive experiment (n listed) P value
Colon weight ratio (g/cm) 0.130.04 0.140.04 (n=73) 0.744
Gross colon damage score 2.6+1.1 2.6+1.6 (n=73) 0.854
Abscess score 1.4+1.7 2.0+1.2 (n=11) 0.420
Adhesion score 1.4x0.5 1.4+0.9 (n=11) 0.547
ABP (mmHg) 47.0+34.3 56.3+37.5 (n=10) 0.883

Note: Values are mean (:S.D.)4 Colon weight ratio and gross colon damage score were evaluated during the colectomy, so all the colitis
rats were included in analysis. Abscess score, adhesion score and anastomotic bursting pressure (ABP) were determined on POD3 in the validation

experiment, so 11 rats from the tissue adhesive experiment, i.e. short-term negative control, were included in the analysis.

Figure S1. Methodology for field selection in cell quantification. The figure illustrates
an H&E stained anastomosis from the control group on POD3. The top side of the image
represents the extra-luminal side, and the bottom side represents the intra-luminal side of
the colon. At the anastomotic site, five fields were selected in the indicated areas (1 to 5); at
the serosa-adhesive site, three fields were also chosen at the interface of the tissue adhesive
and adjacent tissue in the above-indicated areas (A to C). In each area, the field is selected
at a random position. In the control and colitis group, three fields at the serosa-adhesive site

were chosen at the interface of adhesion and adjacent tissue.
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Figure S2. Comparison of colon weight ratio and colon damage between the colitis rats
in different groups. Values are mean (+ S.E.M.). (A) Resected colon weight ratio (i.e.
wet weight over segment length). (B) Gross colon damage score. The p values of overall

comparisons were > 0.05, n = 28 in the colitis group, n = 16-18 in the other groups.
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Figure S3. Histological evaluation of anastomotic healing on postoperative day (POD)-3
and POD7. Values are mean (+S.E.M.). (A) Inflammatory cell infiltration; (B) Fibroblast
activity; (C) Angiogenesis; (D) Collagen deposition. The p values of overall comparisons
were all > 0.05, Kruskal-Wallis Test; n = 15 in the colitis group on POD3, n = 6-9 in the
other groups. * Indicates p < 0.05 compared with the same treatment group on POD3, using

the Mann-Whitney test.
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Abstract

Introduction: Although many studies have focused on the preoperative risk factors
of anastomotic leakage after colorectal surgery (CAL), postoperative delay in diagnosis is
common and harmful. This review provides a systematic overview of all available literature

on diagnostic tools used for CAL.

Methods: A systematic search of literature was undertaken using Medline, Embase,
Cochrane and Web-of-Science libraries. Articles were selected when a diagnostic or
prediction tool for CAL was described and tested. Two reviewers separately assessed the

eligibility and level of evidence of the papers.

Results: 69 Articles were selected (clinical methods: 11, laboratory tests: 12, drain
fluid analysis: 12, intraoperative techniques: 22, radiology: 16). Clinical scoring leads to
early awareness of probability of CAL and reduces delay of diagnosis. CRP measurement

at POD 3-4 is helpful. CAL patients are characterized by elevated cytokine levels in drain
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fluid in the very early postoperative phase in CAL patients. Intraoperative testing using
the air leak test allows intraoperative repair of the anastomosis. Routine contrast enema is
not recommended. If CAL is clinically suspected, rectal contrast-CT is recommended by a
few studies. In many studies a “no-test” control group was lacking, furthermore no golden
standard for AL is available. These two factors contributed to a relatively low level of

evidence in the majority of the papers.

Conclusion: This paper provides a systematic overview of literature on the available
tools for diagnosing CAL. The study shows that colorectal surgery patients could benefit

from some diagnostic interventions that can easily be performed in daily postoperative care.

Introduction

Anastomotic leakage is the most frequent major adverse event after colorectal surgery
and remains a large burden for patients and surgeonsl. Despite evolutions in stapling
techniques and operation modalities, incidence of anastomotic leakage after colorectal
surgery (CAL) has not decreased over the last decade [1,2]. In the abundant literature on
CAL, figures on incidence vary widely, most probably because many studies did not apply
the unequivocal definition of CAL that has been available since 2010 [3,4] . Clinical signs
of CAL before the fifth postoperative day (POD) are uncommon, and most studies described
a mean POD of 8 days for CAL to become clinically apparent. However, some studies even
show that CAL is diagnosed at mean POD 12 [5,6]. Short-term morbidity and mortality, as
well as detrimental long-term effects, such as permanent stoma, might be reduced if CAL
is detected and treated in an early phase [7]. Many studies have focused on preoperative
risk factors, such as age, sex, neoadjuvant therapy, emergency surgery and distance to the
anal verge, and should enable an estimation of risk of postoperative CAL [8-11]. Despite
this caution, delay in diagnosis is common and has been described to be caused by false
negative radiological investigation and intervening weekends [12]. This study was designed
to provide colorectal surgeons with a systematic review of the predictive value of the

diagnostic techniques for detection of CAL that are currently described in literature.
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Methods

Search methods

A systematic search of literature was undertaken using Medline, Embase, Cochrane and
Web-of-Science libraries. No limitations for year of publication were applied. Search terms
were: anastomosis, leakage, dehiscence, colorectal, rectum, resection, anterior resection,
diagnosis, sensitivity, specificity, prediction, forecasting, monitoring. The search was
restricted to publications in English and French. Full search syntax is shown in Addendum
and was carried out lastly on 15 October 2012. All references in eligible articles were
screened for additional publications. Articles were retrieved according to the Preferred Items

for Reporting of Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
Study selection

Articles were selected if a diagnostic tool or prediction model for CAL was described
and tested, preferably using a reference. Furthermore, definition of CAL was required. If an
article described more than one diagnostic tool, it was included for all the tools that were

addressed, with the exception of the technique serving as reference / golden standard.

Studies were excluded if they reported on risk prediction of other complications than
CAL. The included anastomosis were ileo-colic, colo-colic, colorectal and colo-anal. Total
coloproctectomy with ileal pouch anal anastomosis was excluded since etiology, diagnosis and
treatment are very different from the types of anastomosis mentioned before. Moreover, studies
on risk factors for CAL and randomized trials studying treatment modalities were excluded, as

were presentations, experimental studies, narrative reviews and letters to the editor.
Data extraction

For all eligible studies, a standard data extraction form was filled in and the following
data were extracted: study design, number of patients, percentage of clinically important
CAL, diagnostic tool and main results. If published, sensitivity, specificity, positive
predictive value and negative predictive value were noted, or, if possible, calculated. If
stated, the POD of CAL diagnosis was recorded. Furthermore, two authors (F.D., Z.W.)

separately determined the level of evidence for validation studies according to the Levels
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of Evidence 2011 from the Centre for Evidence Based Medicine. In case of inconsistencies,

agreement was accomplished by discussion.

RESULTS

The abstracts of a total of 859 articles were screened separately by 2 authors (F.D., Z.W.)
for eligibility. Of these article, 771 were excluded, either for being written in a different
language than French and English (n = 25), or for description of preoperative risk factors for
CAL (n =90), or due to irrelevance (n = 308), or because they described a patient cohort or
randomized trial or experimental studies, or for other reasons than early detection of CAL (n
= 348). This resulted in 88 articles, 18 of which were excluded after full text examination,

either for being a narrative review (n = 3), or abstract (n = 11), or due to irrelevance (n = 4).

The remaining 70 articles were included and subdivided into 5 groups, according to
type of method used. Two studies were included in two different groups, some studies

related to more than one diagnostic tool from one category.

1) Clinical methods: Eleven articles focused on clinical methods, such as the value of
physical examination (n = 1), the correlation between clinical symptoms and CAL (n = 5),
the application of CAL risk scores (n = 2) or the direct postoperative prediction of the risk

of CAL by the surgeon (n = 3)

2) Laboratory tests: Twelve articles related to the correlation between CAL and
postoperative levels of cytokines (n = 1), C-reactive protein (CRP, n = 10) or coagulation

parameters (n = 1).

3) Drain fluid analysis: Twelve articles related to diagnosis of CAL by analysing
peritoneal drain fluid, in one case using two different methods in one study. The articles
focussed on macroscopic findings of drain production (n = 2) or on drain fluid analysis of
cytokine levels (n = 6), lipopolysaccharides levels (n = 1) or lysozym levels (n = 1). One
article addressed the topic of intramucosal pH-measurement, and two articles focused on

microdialysis of the peritoneal cavity.

4) Intra-operative techniques: Twenty-three articles investigated the correlation
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between preoperative assessment of the anastomosis and CAL, using one or more of the
following techniques: air/methylene blue leak test (ALT, n = 13), intraoperative endoscopy
(IOE, n = 4), Doppler ultrasound (n = 2), tissue oxygen tension measurement (n = 1),
intraoperative inspection of marginal artery bleeding (n = 1), laser fluorescence angiography

(LFA, n = 1) and near infra-red/visible light spectroscopy (n = 2).

5) Radiology: Sixteen studies evaluated the accuracy of one or more of the following
radiological techniques in detecting CAL: computer tomography (CT, n = 7), water-soluble

contrast enema (WSCE, n = 11) and plain X-ray (n = 2).

1) Clinical methods

Table 1 gives an overview of the main results of the eleven included studies. Three
studies described direct postoperative CAL risk prediction by the surgeon. Two studies
described direct postoperative assessment by the surgeon as valuable [13] [14]. Karliczek et
al. prospectively studied subjective assessment of the risk of CAL by the surgeon directly
after surgery[15]. Low predictive values were found, with a sensitivity of 62% and a

specificity of 52% for low rectal anastomosis.

Five studies analysed the postoperative clinical course of patients with CAL in
comparison to patients with an uncomplicated course. Two retrospective studies noted
that occurrence of respiratory and neurological disorders often precede CAL after colonic
surgery (odd’s ratio 2.8 and 5.3 respectively) [16,17]. One prospective study noted that
cardiac disorders preceded CAL in 40% of 22 patients with CAL [18]. A small study
reported no differences in heart rate variability between patients with and without CAL
[19]. In a prospective study by Nesbakken et al., the postoperative assessment of the patient
by the surgeon was reported to have high specificity and low sensitivity (91% and 50%
respectively) [20]. Tang et al. investigated the value of digital rectal examination (DRE) in

assessing CAL before stoma closure, and found a sensitivity of 98,4% [21].

Two Dutch authors developed and applied leakage scores for the detection of CAL.
One risk score prospectively combined preoperative and intraoperative items and yielded
a twofold higher score in patients with CAL than in patients without CAL[22]. For

postoperative clinical course assessment, a standardized leakage score was developed by den
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Dulk et al[23] attributing points to certain clinical factors, nutritional status and biochemic
findings, thus identifying high risk patients. It facilitated the diagnosis of CAL at POD 6, as
opposed to POD 8 in a historical control group.

2) Laboratory tests

Twelve studies investigated the correlation between postoperative levels of CRP and
CAL as shown in table 2. Six of them were included in a meta-analysis of 1832 patients by
Warschkow et al. [24], which did not focus solely on CAL but on all postoperative infectious
complications. In all studies, CRP-levels were elevated several days before the diagnosis
of CAL was established. Slotwinski and colleagues reported higher levels of soluble-TNF-
receptor at POD 1 in patients who developed CAL after colorectal surgery[25]. Iversen et al.
studied levels of markers of coagulation and fibrinolysis in patients with CAL showed elevated

levels 5-6 PODs before clinical onset of CAL compared to patients without leakage.

3) Drain fluid analysis

Table 3 shows twelve studies on drain fluid analysis. Six out of twelve studies
investigated cytokine levels after colorectal surgery, mainly focussing on IL-6, IL-10 and
TNF- « . In 4 of these studies, patients after colorectal surgery who developed CAL at POD
5-20 had elevated cytokine levels from POD 1 onwards [26-29]. One study reported the
same phenomenon, but the onset of increased cytokine levels was POD 3 [30]. Another
study did not find a relation between CAL and levels of IL-6 and TNF- « [31]. In two
studies describing the technique of microdialysis, local signs of ischemia were measured
before CAL became clinically apparent in some patients, although both studies also describe
patients with CAL who showed no preceding abnormal microdialysis values [28,32].
Macroscopic changes in drain production were examined by Tsujinaka et al. [33]. Of 21
patients with CAL, 15 had previous changes in drain content, while other clinical signs were
not obvious. Likewise, Eckmann et al. found that 80% patients that developed CAL after
rectum resection had changes in drain fluid aspect [34]. In a small study, intraperitoneal
levels of lipopolysaccharides were elevated from POD 3 in patients with CAL, while CAL

was only clinically evident at mean POD 6,7*. By contrast, lysozyme activity was not
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correlated with clinical CAL in another small study [35,36].

4) Intra-operative techniques

Table 4 demonstrates the studies on intraoperative techniques to detect CAL. Eleven
studies on peroperative leak tests were evaluated [37-7]. Although these tests facilitate
intraoperative repair of the anastomosis or creation of faecal diversion in case of air
leakage or methylene blue leakage, postoperative leakage rates were not reduced to 0%.
A study by Beard, reported on 18 intraoperative anastomotic corrections, leading to CAL
in 3 patients in the “test”-group, compared to 10 patients with CAL in the “no test”-
group. As with the air leak test, colonoscopy, performed in 6 studies, led to intraoperative
correction of the anastomosis for reasons of leakage and bleeding [46,48-52]. All studies
reported low incidences of CAL, although no study compared intraoperative colonoscopy
to no intraoperative control. Two studies comparing routine intraoperative colonoscopy to
selective use of this technique showed no benefit of routine application of this technique
[50,52]. For assessing local anastomotical blood flow, multiple techniques have been
described. Ambrosetti et al. studied the use of Doppler intraoperatively at the site of the
anastomosis, enabling correction of the anastomosis in 10 of 200 patients, leading to CAL
in 2 (1%) [53] . Vignali et al. found that reduced microperfusion at the rectal stump, during
creation of a colorectal anastomosis, measured by laser Doppler increased the risk of CAL”.
In a study by Kudszus et al. intraoperative laser fluorescence angiography (LFA) led to 28
intraoperative corrections, an absolute reintervention rate of 4% and reduced hospital stay®.
Hirano et al. studied the application of near infrared spectroscopy of the anastomosis. In their
small study, perianastomotic StO, < 60 mmHg was measured in patients who developed
CAL [54] . In a similar study by Karliczek, using visible light spectroscopy, changes in
perianastomotic pO, before and after creation of the anastomosis had a significant correlation
with CAL [55]. One study showed that reduced pO, in perianastomotic tissue was predictive

for CAL, although cut-off values for routine clinical application were lacking [56,57].

5) Radiology

Sixteen studies evaluated several imaging modalities for the detection of CAL. Seven

studies in this review used computer tomography (CT) for the detection of CAL***"*>7>7"78,
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A prospective study by Nesbakken et al. reported a 94% accuracy for 5 patients with
CAL out of 56 patients who had received rectum resection[20]. Similarly, Eckman et al.
concluded that CT detected 29 of 30 leaks in a group of 305 patients after stapled rectum
resection, although no data were presented on the specificity of the technique[58]. Gouya et
al. even reported an excellent 100% sensitivity and specificity. However CT will only show
leakage of intraluminal contrast at the site of the CAL in 10% of the patients”’. Improved
results are achieved with the detection of associated features such like pericolic/pelvic fluid
collections78. Presacral abnormalities, commonly described as caused by leakage, were

found in 70% of the patients without clinical anastomotic leakage68.

Eleven studies investigated the value of the water-soluble contrast enema in
determining CAL, mostly after rectum resection, both in the postoperative phase and
before closure of deviating ileostomy [20,59-68]. All studies described a high degree, in
one case even up to 41% [65], of asymptomatic radiological leakage that resolved without
therapeutical intervention. In addition, no study performed contrast enemas in the very
early postoperative phase (< POD 5) due to the potential risk of complications so that, when
performed at POD 7-8, a clinical leakage concurred with radiological leakage [69]. For
these reasons, most studies concluded that routine application of WSCE at POD 7-8 did not
contribute to clinical decision-making or to early detection. In the presence of clinical signs
suggestive for CAL, a study by Nesbakken described an accuracy of 93% for WSCE in the
detection of CAL [20]. Doeksen et al. reported a high specificity and positive predictive
value of 94% and 91% respectively, with an interobserver variability of 14% [60].

Two studies investigated the value of plain X-ray. One of these studies reported that
increase of subdiafragmatical free air after PODS increased the likelihood of CAL[70]. The
other study, by Williams et al., reported that the finding of staple line disruption on plain
X-ray was suggestive for CAL [69].

Discussion

In this paper, all available evidence on the diagnostic tools for detection of CAL was

systematically reviewed, according to the guidelines of the Oxford Centre of evidence based
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medicine. Diagnostic techniques were appraised for their ability to predict or detect clinically
relevant CAL, since this is relevant in daily care for patients directly after colorectal surgery.
Early intervention in abdominal sepsis is essential as is shown by the Surviving Sepsis

Campaign, emphasizing on source identification and surgical control when possible’.

Many studies report data on asymptomatic or radiological CAL. However, these data
were not included in this review, since asymptomatic CAL, if detected, will be left untreated
as a rule. Furthermore, it has a poor correlation with clinically relevant CAL. Theoretically,
asymptomatic CAL might prove to be important if the oncologic outcome is studied, since
equivocal literature is available showing a higher percentage of local recurrence after CAL

[71-73]. To this date, however, the role of asymptomatic CAL in local recurrence is unknown.

All eligible studies were separately evaluated by two investigators, and a level of
evidence was assigned to each of them. Overall, the level of evidence was considered low.
This was due to factors that coincide with the problem of CAL. First, in the field of the
diagnosis of CAL, no definition of CAL is available, nor is a golden standard[3]. Such a
golden standard cannot even be found in relaparotomy during which faecal discharge at the
site of the anastomosis is established, since many patients are treated for CAL without direct
visualization of the anastomosis during reoperation. Secondly, a major cause of the low level
of evidence is the fact that many studies lack a non-test group. Finally, guidelines to determine
the level of evidence differ between diagnostic studies and their therapeutic counterparts.
Publication bias and reporting bias in particular were estimated to be low, since the primary

search yielded many studies with negative results and small numbers of subjects.

Much research has been done on the early detection of leakage after ileoanal pouch
reconstruction following total colectomy for inflammatory bowel disease. These studies
were excluded from this review, since they comprise more extensive surgery, different types

of leakage, other types of pouch failure and different therapy modalities.

1) Clinical methods

Clinical factors are objective and easily available for risk prediction. A few problems,
however, occur if surgeons rely solely on clinical factors. First, the influence of individual

factors is not exactly known. Secondly, by the time signs of septicaemia occur; patients
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will be in a worse clinical state at the onset of an often prolonged and onerous therapeutic
course. Subjective prognosis of leakage at the moment of finishing the anastomosis was
proven to have a limited prognostic value[15]. Objective measurements might be of greater
prognostic value, as shown by the Colon Leakage Score, in which the presence of objective
risk factors leads to a higher score representing a higher chance of CAL[22]. This leakage
score was based on previously identified risk factors and to our knowledge is the first to
translate all available literature on risk factors for CAL into an instrument that can easily be
implemented in daily practice. In a cohort of 233 patients, using a historical control group
of 1066 patients, den Dulk et al. developed a similar score system for postoperative clinical
evaluation of the colorectal patient. When a high score is found, computer tomography using
rectal contrast is warranted. Although this promising method has shown to reduce delay
in diagnosis, no information was provided on the prognostic value of this risk score, nor
did the study mention the number of CT-scans and concomitant negative results In a study
on tracking of surgical site infections (SSI), van Ramshorst et al. found that protocolled
tracking yields a higher reported incidence of SSI than self-reported detection[74]. We
believe that this finding could be applied to the protocolled detection of CAL as described

above, as it contributes to increased awareness and early detection.

Little is known about the value of physical examination in relation to CAL, except that
digital rectal examination has at least the same prognostic value for low anastomosis as

contrast enema prior to stoma reversal.

2) Laboratory tests

Many investigators have studied the behaviour of CRP during the subclinical phase
of CAL. CRP has the capacity to rise quickly after the onset of an inflammatory stimulus,
reaching its highest serum level within 48 hours. Since it has a short halftime of around
19 hours, a drop in CRP corresponds well with the removal of the stimulus. Most studies
investigating CRP used cut-off values of around 120 — 190 mg/L. at POD 3-4, and all studies
in this review showed a reasonable predictive value of CRP for CAL. Drawbacks of all studies
described in this review is that the number of included patients per study is rather small and
that none of these studies provide a protocol that structurally describes the postoperative

clinical examination, the clinical state of the patients during postoperative follow-up and the
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type of CAL (i.e. faecal peritonitis, juxta-anastomotic abscess, rectovaginal fistula). Despite
these drawbacks, we believe that these studies have indeed shown that measurement of CRP is

of great importance in detecting CAL in the preclinical phase.

Other laboratory tests like coagulation factors and cytokines show a correlation with
occurrence of CAL, but they have been studied sparsely. Since no parameters for their
predictive value can be calculated from the available data, there is no basis for incorporating

them in the standard postoperative lab tests.

3) Drain fluid analysis

In this review, the results for cytokine levels in peritoneal drain fluid, as biomarkers for
local infection, seem promising. In most studies cytokine levels were elevated from POD
1 in patients with CAL compared to patients without CAL. This finding suggests an early
onset of local infection in patients with CAL, or at least a more prominent postoperative
reaction in this group. It is hypothesised that cytokines are directly elevated postoperatively
and will normalise unless infectious complications occur. Most frequently investigated

cytokines are interleukin (IL)-1, 6, 10 and tumour necrosis factor-a (TNF-a).

Although routine drainage after colorectal surgery does not seem to prevent CAL
and is omitted in enhanced recovery programs, two studies showed that changes of drain
production occur frequently and before clinical symptoms. These interesting findings
might justify the routine placement of a drain for the first postoperative days as an

indicator for CAL.

Two studies on intraperitoneal microdialyis show, by retrospectively analysing of
peritoneal microdialysis samples, that CAL was preceded by changes in local lactate/
pyruvate ratio. Although these findings are promising, patient numbers were too low
to compute predictive values and cut-off values. Future research should elucidate if
prospective, real-time analysis actually leads to early detection and determine whether this

technique is cost effective.

For intramucosal pH monitoring, as a measure for mucosal hypoperfusion and
subsequent hypoxia, data are limited but promising. The same holds for measurement of

lipopolysaccharides, integral components of normal gut flora, and measurements of lysozym
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in drain fluid, since the studies investigating these biomarkers did neither lead neither to

confirmation of these techniques nor to a re-evaluation.

4) Intra-operative techniques

Except for one, all studies evaluating the air / methylene blue leak test (ALT) confirm
the importance of this simple intervention. Although not completely eliminating the
occurrence of CAL, ALT allows intraoperative revision of the anastomosis, is easy to
perform and has a high negative predictive value. Understandably, no studies have been
performed that relate a positive ALT without intraoperative repair to CAL. All valuable
studies, those that use a no-test control group, show a lower percentage of CAL in the group

in which ALT was performed; in two out of four papers this difference was significant.

Intraoperative endoscopy (IOE) can, apart from direct visualisation of CAL, be of
diagnostic and therapeutical importance if the location of the tumour or of additional lesions
is unknown or if anastomotic bleeding occurs. More recently, the routine application of IOE
has been studied in comparison to selective IOE. No favourable results in occurrence of
CAL were described for routinely performed IOE compared to selective IOE. Apart from
the mentioned benefits of IOE, no data are available on the superiority of IOE compared
to ALT for intraoperative diagnosis of anastomotic dehiscence. Thus, ALT seems to be

favourable to IOE since it is faster, easier and cheaper.

Some authors have attempted to relate anastomotic perfusion parameters to anastomotic
leakage. Except for one, all studies are case controlled without reference and have not been
repeated. It has not led to clear cut-off values for any of these techniques that seem not very
practical in daily current practice. At least one cohort study with a good reference is needed

before clinical implementation.

5) Radiology

As far as CT with rectal contrast is concerned, only 7 studies could be included. These
studies showed large differences in methodology and lacked generally applied definitions.

These differences between several studies, especially in CT criteria for CAL, resulted in
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equivocal results. Intestinal contrast leakage is not regularly depicted with CT in patients
with CAL. However CT can accurately depict the associated features of anastomotic leakage
such like pericolic/pelvic fluid collections and free air. When these additional criteria were

used the accuracy improved dramatically with accuracies varying from 80-100%"""".

All six studies that were performed on the subject of WSCE over the last two decades
concluded that there is no place for routine application of WSCE. In these studies, WSCE
did not have a consistently high positive predictive value, and other techniques, such as
digital rectal examination in low rectal anastomosis, appeared to provide at least equal
results. Furthermore due to the potential risk of complications no study performed contrast
enemas in the very early postoperative phase. This means that, when performed at POD 7-8,
clinical CAL concurred with radiological leakage[69]. In addition, radiologic signs of CAL
do not correlate with clinical CAL and frequently do not require any form of treatment.
Another drawback of WSCE is that the rectally administered contrast has been diluted and
there may be not enough remaining pressure to induce contrast leakage in more proximal

aIlElStOIIIOSCS73 .

Two older studies describe how plain X-rays can be used in assessment of intra-
abdominal free air and staple line integrity in the diagnosis of CAL75,78. Although
sometimes helpful, modern techniques offer the surgeon much more detailed information on

the extend of CAL compared to plain X-rays.

CONCLUSION

Many studies have been performed in the field of diagnosis of CAL. Many lack a no-
test control group and reference; therefore the general level of evidence is relatively low.
The air leak test is recommended for intraoperative assessment of CAL. When a leakage
score system is used intraoperatively, peroperative preventive measures can be taken. When
using a clinical algorithm postoperatively, delay in diagnosis of CAL might be reduced.
CRP measurement should be part of postoperative laboratory routine at least at POD 3 and
4, since due to a high negative predictive value patients with an uncomplicated course can

be identified. Cytokine measurement among other measurements of peritoneal drain fluid
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is promising and could justify the routine placement of a juxta-anastomotic drain, while
peritoneal microdialysis might develop as minimally invasive peritoneal “smart”-drain.
When clinical signs are present, CT with rectal contrast is recommended. CT cannot only
to detect CAL but also can be used as a therapeutic instrument for percutaneous drainage
of a pericolic/pelvic abscess. We believe that this review reaffirms the importance of
early detection of colorectal anastomotic leakage and that it offers colorectal surgeons an

overview on easily applicable diagnostic tools to improve early detection.
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Figures and Tables
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Continued
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10 |Makela retro  |3b |44 /88  |rectum both prediction - - -
factors CAL occurs
by surgeon
risk
5 high Low predictive value for
11 |Karliczek ™ |pro 3b |26 /191 |colorectal |? prediction 0.38 0.46 |- = =
anastomosis prediction of CAL by surgeon
by surgeon
low
0.62 0.52 |-
anastomosis

Pro: prospective,

retro: retrospective, leo: level of evidence, CAL: colorectal anastomotic

leakage, se: sensitivity, sp: specificity, PPV: positive predictive value, NPV: negative predictive

value, ROC: receiver-operating characteristic curve, WSCE: water soluble contrast enema

Table 2. Laboratory tests.

N (CAL stapled / . onset
type of colorectal study subject |cut-off )
no |authorrefnr loe [/ non- handsewn se sp PPV |NPV |ROC |main outcome CAL
study / rectum tool value
CAL) anastomosis (POD)
STNE-R1, IL-
o TNF higher at POD 1 in
1 |[Slotwinksi pro 3b  [2/16 |colorectal |? 1RA/-6/-8/- |- © o © o = e ?
10, CRP
s-Fibrin, TAT- PT-f1/-2, TAT-complex,
2 |Iversen” pro 3b |17 / 34* |colorectal |both complex, PT- |- = = = = = s-Fibrin higher at POD 1/2|7
fi/-2 in CAL
63 CRP higher from POD 3
3 |Woeste™ retro  [3b |26 / 342 |colorectal |both CRP - - - - - -
to POD 7 in CAL
135 mg/L CRP < 135mg/L at POD 4
4 |Warschkow™ |meta |3 |7/ 1832 |colorectal |both CRP "E 068 (083 (056 (089 |- < 135mg/L ?
at POD 4 discharge is safe
Persisting elevation of
o 190 mg/L o
5 |Kornerin retro  |3b# |18 / 231 |colorectal |both CRP POD 3 0.82 1073 |- = 0.82 |CRP is indicative for 8
t
¢ CAL
145 ma/L CRP > 145mg/L at POD
m,
6 |Mackayin 24 pro 3b# |5/ 160 |colorectal |? CRP POé 4 0.85 [0.86 [0.61 |0.96 |- 4 is highly predictive for |?
t
¢ CAL
2 125 mg/L CRP > 125mg/L at POD
7 |Ortegain pro 3b# |21/ 133 |colorectal |both CRP 0.82 [0.96 |- = = . . 6
at POD 4 4 discharge is not safe
. 140 mg/L Persisting elevation of CRP is
8 | Welschin pro 3b# |22/ 96* |rectum staples CRP 0.80$ 0.81$ |0.86$ |- -
at POD 3 indicative for CAL
Warschkowin 89/ 143 mg/L Use CRP as screening at
IR retro  |3b# colorectal |? CRP 0.75 [0.71 [0.19 [0.97 |-
1115 at POD 4 POD 4
% 190mg/L CRP at POD 3 is useful
10 |Platt pro 3b |26 / 454 |colorectal |both CRP 0.77$ | 0.808 |- - 0.89$
at POD 3 for predicting CAL
. CRP higher from POD 2
11 |Matthiessen” |pro 3b |9/33 [rectum ? CRP = = = = = = 8
in CAL
% 140 mg/L CRP sign higher from
12 |Almeida retro  [3b |24 / 149 |colorectal |? CRP 0.78 [0.86 |- = =
at POD 3 POD 2 in CAL
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*; selected groups, $: all complications, #: included in meta-analysis. Pro: prospective, retro:
retrospective, meta: meta-analysis, | o e: level of evidence, CAL: colorectal anastomotic
leakage, TNF: Tumour necrosis factor, IL: Interleukin, CRP: C-reactive protein, TAT:
thrombin-antithrombin complexes, PT: prothrombin, POD: postoperative day, se:
sensitivity, sp: specificity, PPV: positive predictive value, NPV: negative predictive value,

ROC: receiver-operating characteristic curve.

Table 3. Drain fluid analysis.

N (CAL / |colorectal / |stapled / handsewn |study subject / onset CAL
no |authorrefnr type of study |loe main outcome
non-CAL) |rectum anastomosis tool (POD)
. No correlation between IL-6, TNF-alpha
1 |Bertram pro 4 [3/28 colorectal | ? cytokines 5.3
and CAL
“ IL-6 and TNF-alpha elevated from POD
2 |Herwig pro 3b |12/ 24 colorectal |2 cytokines 5.8
1 in CAL
- IL-1beta, IL-6, TNF-alpha elevated from
3 |Yamamoto® pro 3b |7/90 colorectal |stapled cytokines 58
POD 3 in CAL
. 1L-6, IL-10, TNF-alpha elevated from
4 |Ugras pro 3b [4/34 colorectal  |both cytokines
POD 1 in CAL
1L-6, IL-10 elevated from POD 1 in
5 |Fouda” pro 3b |8/56 rectum both cytokines CAL, TNF-alpha clevated from POD 2 |6
in CAL
L/P-ratio elevated at POD 5/6 in CAL;
“ microdialysis, early CAL: 6
6  |Mattiessen pro 3b |7/23 rectum ? IL-6, IL-10, TNF-alpha elevated from
cytokines late CAL: 20
POD 1 in CAL
. early CAL: 5-10
7 | Ellebaek pro 3b |4/50 colorectal |2 microdialysis | Mean L/P-ratio higher in CAL,
late CAL: 20
= 15 / 21 Patients with CAL had changes
8  |Tsujinaka’ pro 3b [21/196 |rectum both drainproduction 7
in drain content
80% Of leakages were indicated by
9 Eckmann” retro 3b |30 /306 |rectum stapled drainproduction | drain, 40% of which prior to clinical ?
symptoms
© intramucosal Intramucosal pH < 7.28 on POD1
10 |Millan pro 3b |6/90 colorectal |stapled
pH increases risk of CAL 22 fold
Y both, biodegradable Excretion of LPS and LPS concentration
11 |Junger pro 3b [3/22 colorectal LPS 6,7
ring is higher at POD 3 in CAL
o No correlation between lysozyme
12 |Miller pro 2B |2/ 42 rectum stapled lysozym activity ?
activity and CAL

Pro: prospective, retro: retrospective, 1 o e: level of evidence, CAL: colorectal anastomotic
leakage, LPS: lipopolysaccharides, IL: Interleukin, TNF: Tumour necrosis factor, POD:

postoperative day.
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Table 4. Intra-operative techniques.

spectro-scopy

CAL
type N (CAL stapled / test intra- CAL CAL |test not
colorectal / test test test not
no |authorrefnr |of loe|/ non handsewn test per- operative | test test |per- main outcome
rectum . + . per-
study -CAL anastomosis formed correction |+ - formed
formed
ALT and
“ peroperative
1 |Beard pro [1b |13/ 145|colorectal  |both ALT 73 18 |18 3 55 |0 70 10 .
repair reduce
risk of AL
LT helpful to
2 |Davies™ pro |3b [4/33 |rectum ? ALT 33 6 |6 1 27 |3 = = reduce leakage
rate
5 Leaks were
3 |Dixon retro [3b |2/ 202 |rectum both ALT 119 5 5 0 114 |0 - -
avoided
/5 ALT facilitates
4 | Gilbert retro |3b |1/21 |colorectal  |handsewn ALT 21 5 |5 1 16 |0 - - —
stapled,
" High NPV for
5 |Lazorthes pro |3b |3/82 |colorectal doughnut ALT 68 0o |0 0 68 |3 = = A
complete 68
stapled,
doughnut 14 4 |4 0 (10 |0 - -
incomplete 14
5 ALT for leftsided
6 |Ricciardi retro |3b |48 / 998 |colorectal  |both ALT 825 65 |65 5 |760 (29  |173 14 .
anastomosis
. Risk of AL is
7 | Schmidt pro |3b |68/ 933 |rectum both ALT 260 47 |42 5 |213 (22 |36 4
unrelated to ALT
. LT facilitates
8 |Wheeler pro |4 7/ 102 |colorectal ? ALT 99 21 |21 2 85 |2 oR
@ LT facilitates
9 |Yalin po 3b [1/23 |colorectal |stapled ALT 21 5 |5 1 16 |0 - - -
54 ALT facilitates
10 |Griffith pro |4 |2/60 |colorectal |stapled ALT 60 1 |11 0 |49 |2 = = -
Useful for
11 |Sakanoue” pro |3b [4/70 |rectum ? ALT 35 2 |2 0 33 |0 35 4 intraoperative
decision making
53 After IOR no
12 |Smith pro |4 7/ 229 |colon both ALT 229 16 |16 0 213 |7 o S
CAL occurred
= ALT prevents
13 |Lanthaler’ pro |3b |6/ 122 |colorectal |stapled IOE 73 5 |5 0 68 |4 49 2
early leak
Routine IOE and
56 137, 30 |2/137,
14 |Li pro |3b |2/ 244 |rectum stapled I0E 107 11 |11 0 9% |0 O v selective IOE
equal results
Routine IOE
15 Shamiyehss pro [3b |7 /253 |rectum stapled IOE 85 2 |2 0 83 |1 253 4 does not reduce
CAL
B IOE and ALT
16 |Ishihara pro |4 1/73 |rectum stapled 73 4 |4 0 69 |1 = =
ALT recommended
doppler ultra- Doppler
17 |Ambrosetti” [pro |4 [2/200 |colorectal  |both It 1A
sound facilitates IOR
Reduction in
- microperfusion
18 | Vignali pro |3b [8/55 |colorectal |stapled laser doppler |- = |5 = = |F = =
increases risk of
CAL
LFA reduces
YeOPSratiOn rate
19 |Kudszus” retro |3b |22 / 402 |colorectal both LFA 201 28 (28 8 - - 201 15 for AL, most
prominent in
handsewn
@ near infrared StO2 < 60% in
20 |Hirano pro |4 1/20 |colorectal ?

CAL

Diagnosis of CAL 195




Continued

CAL
type N (CAL stapled / test intra- CAL CAL |test not
colorectal / test test test not
no |authorrefnr |of loe|/ non handsewn test per- operative | test test |per- main outcome
rectum . + . - per-
study -CAL anastomosis formed correction |+ = formed
formed
Obser-vati
e meon Pulsatile flow:
& of marginal o
21 |Novell pro |3b |275 colorectal both lower incidence
artery
CAL
bleeding
. Reduced
e tissue pO2 X
22 |Sheridan pro |3b [5/50 |colon ? anastomotic pO2
measurement
predictiveCAL
@ visible light pO2 could
23 |Karliczek™ |pro [3b |14/ 77 |colorectal ?
spectro-scopy predict CAL
Table 5. Radiology.
tapled
type of| N (CAL / |colorectal el study .
no |authorrefnr loe handsewn se sp PPV |NPV |main outcome
study non-CAL) |/ rectum . |tool
anastomosis
1 |Eckmann” |[retro |3b |30 /306 |rectum stapled CT = = = = 29 of 30 CAL detected by CT
Peri-anastomotic located fluid containing ai
2 |Power” retro [3b [17 /50 |colorectal |? CT 03 |09 [0.58 [0.74 e an.as omotic focated Huid containing air
found in CAL
3 Gouyal75 retro |3b [10 /195 |rectum ? CT = = 1 1 CT has role in predicting CAL
0% of pts with CAL h 1
4 Dubrow” retro [3b |35/ 75 rectum ? CT = = = = Whe P>S_ e ave presacd
abnormalities
5 |Nicksa” retro |4 |36 CAL |rectum ? CT 012 |- o = Low percentage true positives
6 Doeksen67 retro [3b |68 / 429 |colorectal |? CT 0.54 |0.78 [0.68 [0.66 |Interobserver variahility 10%
7  [Nesbakken” |pro |3b |5/ 56 rectum  |? CT 057 |1 - - 94% accuracy of CT for detection of CAL
2 CAL out of 78 positive WSCE, I
8 |Severini”* retro [3b |12/ 175 [rectum ? WSCE |- - - = . Aou ° positive o
predlctlve value
9 |Hoffmann” |retro [3b |5/ 51 colorectal |both WSCE 0.2 |0.85 [0.13 [0.91 |WSCE not recommended for routine use
WSCE tribution t ical
10 |Markham™ |retro [3b |1/136 |rectum handsewn |WSCE |1 0.57 [0.02 |1 1o contribution fo surgica
management
WSCE d t ide additional
11 |Kalady” retro [3b |8/211 |rectum |? WSCE [0.88 |1 1 (099 |. 0es Mot provide acditiona
information
WSCE ides littl ful clinical
12 A](yol56 pro 3b (12 /233 colorectal |both WSCE [0.52 |0.87 [0.3 [0.94 |, PTOW es Hitte uselut cinica
information
13 Hayneséq retro |3b |14 / 117 |colorectal |both WSCE [0.71 [0.86 [0.42 |0.96 |WSCE not recommended for routine use
14 Gouya75 retro [3b |10/ 195 |rectum ? WSCE |- - 1 0,98 |WSCE is recommended for routine use
15 |Nicksa” retro |4 |36 CAL |rectum ? WSCE [0.88 |- o o 'WSCE superior to CT
16 Doeksen67 retro [3b |68 / 429 |colorectal |? WSCE [0.68 [0.94 |0.91 |0.76 |Interobserver variability 13%
17 |Nesbakken™ pro |3b |5/56 rectum ? WSCE |06 |1 = = 93% accuracy of WSCE for detection of CAL
Stapleline dehi in 9/10 patients with
18 |Williams™ retro (4 |10/ 31 |rectum stapled X-ray (09 (1 1 0.95 Czlie ine dehiscence in 9/10 patients wi
I fi ir after POD 5 higher ch
19 Ta\ng79 pro |4 [2/64 colorectal |? Xeray |- = = - C!;;rfasc ree air atter > higher chance

Pro: prospective, retro: retrospective, meta: meta-analysis, leo:

level of evidence, CAL: colorectal

anastomotic leakage, CT: computer tomography, WSCE: water-soluble contrast enema, se: sensitivity,

sp: specificity, PPV: positive predictive value, NPV: negative predictive value, POD: postoperative day.
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Postoperative Blood Flow Measurement with
Miniaturized Dynamic Light Scattering Predicts
Gastrointestinal Anastomotic Healing
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ABSTRACT

Introduction: Perioperative bowel perfusion (i.e. local-hemodynamic index, LHI)
was measured with a miniaturized Dynamic Light Scattering (mDLS) device, aiming
to determine whether anastomotic perfusion correlates with the anastomotic healing
process, and whether LHI measurement assists detection of anastomotic leakage (AL) in

gastrointestinal surgery.

Methods: A partial colectomy was performed in 21 male Wistar rats. Colonic and
anastomotic LHI were recorded during operation. On postoperative day (POD)-3, the rats
were examined for AL manifestations. Anastomotic LHI was recorded before determining
anastomotic bursting pressure (ABP). The postoperative LHI measurements were repeated
in another 15 rats with experimental colitis. Clinical manifestations and anastomotic LHI
were also determined on POD3. Diagnostic value of LHI measurement was analyzed with

the combined data from both experiments.
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Results: Intraoperative LHI measurement showed no correlation with the ABP on POD3.
Postoperative anastomotic LHI on POD3 was significantly correlated with ABP in the normal
rats (R2=0.52, p<0.001) and in the colitis rats (R2=0.63, p=0.0012). Anastomotic LHI on
POD3 had high accuracy for identifying ABP < 50 mmHg (AUC=0.86, SE=0.065, p<0.001).
A cut-off point of 1236 yielded a sensitivity of 100% and a specificity of 65%. On POD3,
rats with LHI<1236 had significantly higher dehiscence rate (40% vs. 0%), more weight loss,
higher abscess severity and lower ABP (p<0.05 respectively); worse anastomotic inflammation

and collagen deposition were also found in the histological examination.

Conclusion: Our data suggest that postoperative evaluation of anastomotic
microcirculation with the mDLS device assists the detection of anastomotic leakage in

gastrointestinal surgery.

INTRODUCTION

Despite successful resection of the primary disease, an uncomplicated healing process
after construction of an anastomosis is crucial after gastrointestinal surgery. Failure in
anastomotic healing results in anastomotic leakage (AL), which is a fearful short-term
complication attributing to one third of all postoperative mortality after colorectal surgery
[1]. When AL strikes, non-sterile intra-luminal content leaks into the abdominal or pelvic
cavity, which causes infection or peritonitis and may incur sepsis, multiple-organ failure,
and even death if not detected and treated in time [2]. Due to these catastrophic outcomes,

early detection of AL is therefore the paramount guiding timely intervention.

Conventionally, surgeons select patients suspicious of AL for radiological examinations
based on abnormal postoperative manifestations. But those “abnormal” manifestations (e.g.
fever, leukocytosis, tachycardia, tachypnea) are remarkably common after abdominal surgery,
occurring in substantial uncomplicated recoveries [3]. To date AL is usually detected between
day 5 and day 8 or even later after surgery [4], and more than half of the detected leakages
require reoperation [5, 6]. The unsatisfactory status quo continuously alerts surgeons that

many leakage cases are not detected until too late with the current strategy.

Similar to other types of wounds, one direct consequence of an anastomotic wound is
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tissue ischemia, which has been considered as a risk factor of AL [7-9]. In skin wounds,
tissue perfusion can be conveniently revealed by repeatedly evaluating or even real-
time monitoring with a laser Doppler imaging device, flowmetry or other techniques [10,
11]. Unfortunately, evaluation of anastomotic perfusion is not a simple task, and so far is
still confined to intraoperative measurement due to large sizes of most devices [12-14].
Monitoring of postoperative anastomotic circulation is not feasible unless a much smaller

device is available, which patients may carry during hospitalization or even afterwards.

Recent development in laser technology introduces a novel miniaturized Dynamic Light
Scattering (mDLS) device, which may carry out postoperative evaluation of anastomotic
microcirculation. However, whether the perfusion data correlate with anastomotic healing
remains a fundamental question to be justified prior to its further application. To this end, this
study is designed to determine whether blood flow measurement with the mDLS device may aid
to the diagnosis of failed anastomotic healing. Perioperative local hemodynamic index (LHI)

was recorded during rat colectomy, and analyzed afterwards to determine its diagnostic value.

METHODS

Male Wistar rats were purchased from a licensed breeder (Harlan Laboratories,
Boxmeer, the Netherlands). All rats were bred under specific pathogen-free conditions.
Rat chow and water were supplied ad libitum. The Ethical Committee on Animal

Experimentation of Erasmus University Rotterdam approved the protocol.
LHI monitoring device and data extraction

The Local Hemodynamic Indexes (LHI) were measured with a miniaturized Dynamic
Light Scattering (mDLS) device (Elfor, Elfi-Tech Ltd.). The device consists of three parts:
an mDLS sensor, a data-collecting device, and a data-analyzing system (i.e. real-time
monitoring software). The mDLS sensor consists of a vertical cavity surface emitting laser
and an optoelectronic detection system, and is linked to a data-collecting device via flexible
wires. When measuring, one can choose to send the recorded data directly to the computer
program via blue tooth or USB link for real-time monitoring. At the same time, the data are

also saved on an SD card, which can be analyzed afterwards (Fig. 1).
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This device measures LHI with laser-speckle analysis of moving red blood cells (RBC)
[15]. The measurement is based on time-dependent analysis of the scattered coherent
light from an ensemble of moving RBC, and can be used for an assessment of local blood
shear rate and blood flow [15]. Based on the estimated blood shear rate contributions
into the overall signal, different blood flow components into the measured laser speckle
signal can also be extracted respectively. In this study, the data with a frequency between
1-5 kHz, which represent RBC movement in capillaries and yield the most relevance of
tissue perfusion, were analyzed [16, 17]. A detailed description of the algorithm of LHI

measurement and calculation was provided in the supplementary data.

In this study, we measured LHI on different time points during the rat colectomy (Fig.
2). Blinded measurements (i.e. measuring without real-time monitoring) were employed
in order to ensure the highest objectiveness. During each measurement, the sensor was
covered with a sterile transparent plastic bag to prevent contamination. Afterwards, the raw
data were uploaded and converted into hemodynamic indexes (1-5kHz) with the off-line

software. The median value of each LHI measurement was used for statistical analysis.
Evaluation of a correlation between LHI and anastomotic healing

The rats were anesthetized with an isoflurane/O2 mask. Partial colectomy was
performed according to the methods described in our previous study [18]. The baseline LHI
data of the ascending and descending colon were first recorded at the site of the intended
cutting edges (Fig. 2). Subsequently the major part of the colon was resected, followed by a
full thickness end-to-end anastomosis (i.e. continuous suture with 12 stitches) with Dafilon
8/0 (B. Braun, Germany) under the microscope. Then the LHI of the upper and lower
anastomotic edges were measured. After the LHI measurement on top of the anastomosis

(Fig. 2), the abdominal wall was closed.

Because a standard colectomy yields a relatively low rate of AL [18], we employed an
insufficiently sutured anastomosis in three rats to achieve a higher rate of AL according to
the developed leakage model. In those rats, five interrupted stiches were performed instead
of 12 stitches to construct a technically insufficient anastomosis, while the other procedures

remained the same as the aforementioned partial colectomy.
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Postoperative LHI measurements in a colitis-colectomy model

To confirm the applicability of the device, postoperative anastomotic LHI was
repeated in rats with colitis. Colitis was induced by trans-anal injection of 0.25mL 2,4,6-
trinitrobenzenesulfonic acid (TNBS, 10mg diluted in 25% ethanol) under anesthesia
according to the previously published TNBS-colitis model [19]. One week later, colectomy
was performed with the aforementioned technique, and the anastomosis was constructed

with a continuous suture with 12 stitches.
Follow up and postoperative evaluation

The rat abdomen was examined on postoperative day (POD)-3. We first checked
signs of anastomotic leakage including abscess formation and anastomotic dehiscence.
The abscess severity was determined by an abscess scoring system [20, 21] and adhesion
formation was evaluated using the Ziihlke score [22], anastomotic LHI having been
determined with the device. Anastomotic bursting pressure (ABP) was determined after
the measurement using the methods described in our previous study [18]. The anastomotic
segment was harvested, and stained with hematoxylin and eosin (HE). The slides were

scored using the Ehrlich and Hunt numerical scale as modified by Phillips et al. [20].
Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0 (GraphPad Software, Inc. CA,
USA). Data are presented as mean =+ standard deviation (S.D.), unless stated otherwise. The Mann-
Whitney test, t-test, Pearson correlation test, and ROC analysis were employed. All reported p

values were two-sided; a p-value < 0.05 was considered to indicate statistical significance.

RESULTS

Perioperative LHI and anastomotic healing in normal rats

Twenty-one rats (450-550 grams) were employed. Weight loss and diarrhea after

operation were observed in all rats. Two deaths occurred after surgery with no signs of AL
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during autopsy.

The baseline LHI was similar between the ascending and descending colon. Although
LHI changes were observed during colectomy, average LHI remained stable at both cutting
edges. Similar LHI to the baseline was found at the anastomotic site after construction (p >
0.05). None of the intraoperative LHI measurements showed a significant correlation with

ABP on POD3 (Fig. 3).

The correlation between postoperative LHI and ABP on POD3 yielded statistical
significance (R2 = 0.52, p < 0.001). Further linear regression analysis showed that Y =
0.044*X + 1.0 (Y stands for ABP; X stands for anastomotic LHI on POD3, Fig. 4).

Validating the LHI measurements in a colitis-colectomy model

Based on the results of the previous experiment, postoperative LHI measurements
were repeated in 15 rats with colitis after colectomy. One death occurred after surgery, and
no sign of AL was observed during autopsy. Similarly, LHI on POD3 yielded a significant
correlation with ABP in the colitic rats after colectomy (R2 = 0.63, p = 0.0012). Further
linear regression analysis showed that Y = 0.088%X - 22.22, p = 0.0012, (Y stands for ABP;
X stands for LHI; Fig. 4).

Diagnostic value of postoperative LHI measurement

Combining the data from the two experiments, we still observed a significant
correlation between LHI and ABP (Fig. 4). Moreover we found the postoperative LHI
showed high accuracy in detecting failed anastomotic healing. Based on our previous rat
experiments, ABP < 50 mmHg was set to determine if an anastomosis was mechanically
insufficient [23]. As is shown in Figure 4, anastomotic LHI on POD3 had high accuracy for
identifying ABP < 50 mmHg. AUC was (0.86, SE = 0.065, 95%CI = 0.74 to 0.99, p<0.001).
Further analysis showed that a cutting-off point of 1236 yielded a sensitivity of 100% (95%CI
= 77-100%) and a specificity of 65% (95%CI = 28-86%), a positive predictive value (PPV)
of 70%, a negative predictive value (NPV) of 100%, and an accuracy of 81%.

To enable comparisons between rats with sufficient/insufficient anastomotic LHI on
POD3, the rats were further assigned into two groups based on perfusion. Rats with a higher
anastomotic LHI than the cutting off point (i.e. 1236) were assigned into a sufficient perfusion

group (SPG, n = 11) including 10 normal rats and 1 colitis rat, while the other rats were
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divided into an insufficient perfusion group (IPG, n = 20) including 5 normal rats with the 12-

suture anastomosis, all 3 normal rats with the 5-suture anastomosis, and 12 colitis rats.

In total, 8 animals had an anastomotic dehiscence, all from IPG. Significantly higher
weight loss (39.8 + 11.4 gram vs. 29.3 £+ 16.9 gram, p = 0.048) and higher abscess score
(23 £ 1.4 vs. 1.2 £0.8, p=0.034) was found in IPG as well when compared to SPG
(Figure 4). An average bursting pressure of 38.2 + 26.4 mmHg was seen in IPG, which
was significantly lower than that in SPG (98.7 = 34.0 mmHg, p < 0.001, Figure 4). In
histological evaluation, IPG showed a significantly worse status of inflammatory infiltration

and collagen deposition (p < 0.05 respectively).

DISCUSSION

Evaluation of anastomotic perfusion may be a reliable strategy to reveal the wound
healing status and to detect anastomotic leakage after gastrointestinal surgery. In this study,
we demonstrated a correlation between LHI and anastomotic healing in a rat colectomy
model with a novel mDLS device, and further validated it in a surgical IBD model,
exploring its diagnostic value. These data encourage further investigation of the device in

detecting AL in gastrointestinal surgery.

Though recognizing the importance of tissue perfusion in anastomotic healing, few
strategies exist to assist surgeons objectively determining anastomotic perfusion once the
laparotomy is closed. Several early attempts from the previous literature suggest that an
elevation of indirect parameters (e.g. pH, lactate, and pyruvate) might indicate occurrence of
AL [2, 14, 24]. Direct correlation between anastomotic perfusion and its healing process has
not yet been established. In this study, such a correlation were observed in both experiments
regardless of the primary disease, which, in combination with the ROC analysis, provided
direct evidence regarding the diagnostic value of the LHI measurements. In addition to
the satisfactory diagnostic value for identifying mechanically weak anastomoses, poorer
clinical manifestations including anastomotic dehiscence and abscess formation were found
in the rats. Such differences were in line with the histological findings revealing worse

inflammation and collagen deposition in the rats with insufficient anastomotic perfusion.
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Our data, in correspondence with the previous literature, confirm the crucial role of tissue

perfusion in the process of anastomotic healing.

Different from postoperative measurements, many clinical trials have suggested a
clinical value of the intraoperative perfusion measurement in detecting anastomotic ischemia
[9, 12, 13, 25]. However, the limitation of such methods is clearly illustrated by our data.
The LHI data of the three rats with insufficient sutures demonstrate that bowel ischemia
may not exist during operation under circumstances when AL is caused by certain intra-
operative factors, let alone postoperative ones. Nevertheless, our data do not oppose the any
further application of intra-operative evaluation because rather than a standardized rat model
without preoperative risk factors, substantial risk factors resulting from patient-related co-
morbidities (e.g. uncontrolled diabetes, smoking, atherosclerotic calcification) may cause
bowel hypoxemia before the operation, which are probably detectable with the intraoperative
perfusion measurement [26-28]. Moreover, our on-going studies revealed certain pre- or intra-
operative risk factors also influenced LHI changes during surgery (unpublished data). Further

investigations with comprehensive analysis in this regard are still in request.

The application of postoperative perfusion measurement consists at least two
directions. One evident lead is represented by objectively evaluating bowel perfusion during
the examination or re-intervention in patients suspicious of AL. Such application is in great
need because in many cases bowel ischemia is not detectable by naked eyes during re-
operation [24]. Moreover, our study also showed that mechanically insufficient anastomoses
were not always accompanied by anastomotic abscess formation or dehiscence. Perfusion
measurement may aid to a better surgical plan based on a real-time bowel perfusion level
and speculate the mechanical strength of a suspicious anastomosis in circumstances when
clinical manifestations remain inconclusive. These measurements can be implemented in
combination with a laparoscopic approach due to the miniaturized size of the device. It can
also be applied in combination with endoscopy for postoperative examination, as mucosal

and serosal blood flow measurements are linear correlated [29].

Another avenue is postoperative real-time monitoring of anastomotic perfusion. The
main strength of this mDLS device, its miniaturized size, enables such possibility, but it
remains technically challenging. How to place it properly near the anastomosis and how to
retreat it are still major questions to be verified. Combining the perfusion sensor with an

intra-abdominal drainage or with intra-gastrointestinal tube might be a promising strategy
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[30], and further investigation in this regard is still required with large animal models.
Although difficult with the current technique, this remains a promising approach in the
future. Doctors may implement real-time monitoring in patients with Bluetooth and data

processing software, alarming them when an early stage AL occurs.

In addition to the technological development of the medical device, further investigation
should also focus on LHI data mining. The DLS system has been developed for decades for
various clinical indications [15, 31]. The device in our study has been previously tested in
human subjects at different clinical conditions for assessment of capillary skin flow, RBC-
endothelial interaction and pulse wave hemodynamic characteristics [31]. We analyzed
the data with a frequency between 1-5 kHz in the current study, which is considered as the
best representative of tissue perfusion [16, 17]. Substantial data shall be further extracted
to investigate the microcirculation with other characteristics. Integrating the data from
different frequencies may reveal not only the hemodynamic characteristics but also the
tissue oxygenation level, providing a comprehensive picture of the tissue environment.

Investigations addressing these regards are currently underway in our research team.

CONCLUSION

In conclusion, our data suggest that postoperative blood flow evaluation with an mDLS
device at the anastomotic site provides useful information regarding anastomotic healing,

and may facilitate detection of anastomotic leakage in gastrointestinal surgery.
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LEGEND TO FIGURES

Figure 1. The miniaturized Dynamic Light Scattering (mDLS) device, software interface
and local hemodynamic index (LHI) data. (A) The mDLS sensor, (1) 10 cent euro coin, (2)
the sensor, size: 10mm*10mm*1mm. (B) The mDLS device, size: 8cm*5cm*1.5cm. (C)
Interface of the real-time monitoring software. (D) Raw LHI data recorded by the device. (E)
LHI data extracted from raw data, 1-5kHz.
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Figure 2. Schematic overview of the rat colon and the locations of perfusion measurement,
anterior view. (A) Before colectomy. (B) After colectomy. Anatomy: a. caecum, b. terminal
ileum, c. rectum and anus. Procedure: (1) The baseline local-hemodynamic index (LHI) is
first measured before colectomy at the intended cutting edges (i.e. indicated with orange
spots); (2) A major part of the colon (i.e. indicated with grey colour) is resected; (3) The
anastomosis (red arrow) is constructed and the LHI is measured again. Adapted from Wu et

al. (2014) with permission.
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Figure 3. Local hemodynamic index (LHI) during colectomy and correlations between
intraoperative LHI and the anastomotic bursting pressure (ABP) in normal rats. Only
rats with the 12-suture anastomosis were included, n = 12-15; three rats with the 5-suture
anastomosis were excluded for analysis. (A) The baseline LHI was similar between the
intended upper and lower cutting edges, which remained stable during the operation; similar
LHI to the baseline was found at the anastomotic site (p > 0.05 respectively), values are
mean (+ S.E.), paired Mann-Whitney test. (B) None of the intraoperative LHI showed a
significant correlation with ABP (p > 0.05 respectively).
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Figure 4. Correlation between the postoperative local hemodynamic index (LHI) and the
anastomotic bursting pressure (ABP) on postoperative day (POD) 3. The X-axis is the
anastomotic LHI on POD 3. The Y-axis is the ABP on POD 3. (A) In the normal rats, the
linear regression analysis showed that Y = 0.044*X + 1.0, R2 = 0.52, p < 0.001, n = 18. (B)
In the colitis rats, Y = 0.088*X - 22.22, R2 = 0.63, p = 0.0012, n = 13. (C) The correlation
between the LHI and ABP remained significant when data of the normal and colitic rats
were combined, Y = 0.043*X + 8.04, R2 = 0.49, p<0.001, n = 31. (D) ROC analysis showed
LHI on POD3 had high accuracy for identifying ABP < 50 mmHg. Area under curve (AUC)
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Figure 5. Comparison of clinical and histological outcomes between the insufficient
perfusion group (IPG, n = 20) and the sufficient perfusion group (SPG, n = 11). (A)
Anastomotic dehiscence rate was 40% (8/20) in IPG and 0% (0/11) in SPG, p = 0.028,
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of anastomotic bursting pressure (ABP) resulted in p < 0.001, Mann-Whitney test. (D) A
significantly higher abscess score was found in IPG than that in SPG, p = 0.034, Mann-
Whitney test. (E) In histological evaluations, the IPG showed a significantly worse status of
inflammatory infiltration and collagen deposition, p < 0.05 respectively, Mann-Whitney test.
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Chapter 12:

General Discussion: New Perspectives to
Investigate Colorectal Anastomotic Leakage



olorectal anastomotic leakage (CAL) remains the most dangerous complication
Cafter surgery. Komen et al. reported a CAL rate of 8.7% from 739 patients
operated in Erasmus Medical Center, with a mortality rate of 14.1% 1. Surgeons all
recognize the possible tragic outcomes following CAL, and many have encountered this

complication in some in their clinical practice.

To date, we still don’t understand the mechanisms underlying the etiology of CAL
in detail. In many previous studies, CAL is attributed to technical failure or ischemia 2,
3. However, arguments may be raised against surgical failure because most anastomoses
would be checked for configuration or tested (e.g. the air leak test) after construction to
rule out a technically failed anastomosis 3. Especially nowadays with wide application
of stapler devices, one would expect a higher level of standardization in colorectal
anastomoses. Moreover, anastomoses constructed with electrical welding tools also seem
to heal sufficiently, while the welding technique itself is known to create ischemia 4. In our
own observations derived from this thesis, we also found that anastomoses with numerous
numbers of sutures, though causing substantial localized ischemia, did not increase the
CAL rate 5. Moreover, in many other circumstances such as contaminated surgery and
perioperative use of corticosteroids, neither technical failure nor ischemia may explain the

direct cause of a higher CAL rate, suggesting that other factors are also involved 6-10.
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Our study group has been focusing on diagnostic and preventive strategies of CAL in
both clinical and experimental studies. In this thesis, we reported nine studies with regard
to CAL prevention and detection. Integration of the previous literature and our experiments
may bring some innovative perspectives to understand this vital postoperative complication,

and may help unveil the corresponding prevention or treatment strategies.

Most animal models introduce one risk factor of CAL for methodological purposes,
which is also applicable in the models described in this thesis. Each of the studies mainly
targets one factor. For example, the CAL model described in Chapter 2 and the ex-vivo
porcine colon model (Chapter 7) focused on increasing possibility of communication
between the intestinal lumen and peritoneal cavity; the peritonitis model in Chapter 8 only
induced anastomotic infection into a mechanically sufficient anastomosis; the surgical
IBD model (Chapter 9) was derived from the standard colectomy model in Chapter 2
with one healing disturbance (experimental colitis caused by TNBS, i.e. trinitrobenzene

sulfonic acid).

Importantly, although varying risk factors have been introduced in these models
respectively, similar characteristics of CAL are observed, which can be mainly
categorized into: communication, infection, and healing disturbances. Communication
stands for the classic definition of CAL: “communication between the intra- and extra-
luminal compartments of the anastomotic bowel” 11. Infection stands for bacterial
infection at the anastomotic site. Healing disturbances represent pathological factors that
may cause delay in anastomotic healing. In our studies, communication (e.g. macroscopic
anastomotic dehiscence or microscopic leakage) was seen in many rats regardless of the
original anastomosis being sufficient or not (Chapter 2, 8 and 9). Anastomotic infection,
usually shown as anastomotic abscess or peritonitis, was also seen in rats without pre-
operative or intra-operative contamination (Chapter 2, 9). Healing disturbances such
as anastomotic ischemia were recorded in rats with CAL regardless of the existence of
preoperative anastomotic ischemia. These observations suggest that for each of the three
factors, it may be the main cause leading to the other two; yet it may also be the result of

the other factor(s).
1.1 New perspectives to understand the CAL animal models

The above-mentioned perspectives may assist future investigations on CAL from an
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integrated point of view.

Classical models of CAL are usually based on mechanical failure 12. Our research
group validated the first mouse CAL model by performing insufficient sutures in colon
anastomosis 13 and reported the first rat CAL model in Chapter 2. As mentioned, such
models have been challenged because a surgeon consciously making an insufficient
anastomosis is inconceivable in a clinical setting. However, the artificial mechanical failure
is designed to increase the incidence of communication between the intra- and extra-
luminal compartments in those models, which further causes anastomotic infection or fecal
peritonitis. It is known that severe infection also significantly reduces organ perfusion 14,

which may further worsen the healing process of the anastomosis, resulting in CAL.

Substantial clinical and experimental data of anastomoses created in a contaminated
environment indicate that anastomosis that created under contamination also causes CAL
2, 8,9, 15-17. The Cecum-ligation-puncture (CLP) model has been frequently employed
to create bacterial peritonitis in rodents; combined with colorectal anastomosis, this model
represents contaminated colorectal surgery 16, 17. As reported in Chapter 8, infection of
a mechanically sufficient anastomotic site causes abscess formation and even anastomotic
dehiscence. In the CLP model, bacterial endotoxins activate the inflammatory response
and cause infiltration of inflammatory cells, including type 1 macrophages, which produce
nitric oxide by inducible nitric oxide synthase (iNOS). This overexpression of iNOS is
associated with a decrease in collagen deposition 18, 19, which eventually causes a delay
in wound healing and subsequent communication between intra- and extra-luminal bowel

compartments.

One well recognized healing disturbance is represented by anastomotic ischemia. Blood
flow reduction at the rectal stump is associated with an increased risk of CAL 2. In animal
models, ligation of mesenteric arteries causes anastomotic ischemia and compromised
anastomotic healing 20. Clinical data also demonstrate that surgical techniques also
influence bowel perfusion 21. In addition to that, another frequently described healing
disturbance is compromised collagen formation at the anastomotic site, which is indicated
as a lower level of hydroxyproline 20 or lower collagen I/III ratio 22. Such delay in
collagen synthesis, especially in the early postoperative phase, may increase the possibility
of communication via microscopic leaks, causing infection and CAL. This explains that

anastomotic dehiscence may be observed during follow-up in those who had sufficient but
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ischemic anastomosis (unpublished data).
1.2 Future perspectives of CAL models

Standardized CAL models derived from the same conceptual basis (i.e. the colectomy
model) are important for future studies to increase similarity and comparability between
studies. Based on our data, we believe the colectomy model as described in Chapter 2
(i.e. control group) is one good basis for such a purpose. In the current thesis, we derived
two CAL models from it by combining different CAL risk factors with the colectomy
model. The first derivative is the insufficient anastomosis model, which is known to cause
CAL by increasing the incidence of communication between the intra- and extra-luminal
compartments; the second derivative is the surgical inflammatory bowel disease (IBD)
model reported in Chapter 9, which resulted in higher CAL rate following the healing
disturbances, i.e. bowel inflammation and ischemia caused by colitis. Both derivative
CAL models resulted in compromised anastomotic healing in the disease groups with
very constant and reproducible data in the control group. Other risk factors may be further

combined with the colectomy model.

Due to the fact that the three important factors (i.e. communication, infection, and
healing disturbances) all play an important role in the occurrence of CAL, we recommend
including outcome evaluations covering all three factors in the future studies. The
observation and evaluation of communication or infection are relatively easy compared
to healing disturbances. Healing disturbances cover a multitude of situations and primary
diseases; however, a good and direct parameter representing healing disturbances is not
yet available. As is described in Chapter 11, anastomotic perfusion may be a valuable
direct parameter. In Chapter 8 and 9, we also investigated the involvement of macrophage
subtypes in the anastomotic healing process. Both parameters (i.e. anastomotic perfusion
and macrophage index) showed significant correlations with the anastomotic healing
process. However, our current data cannot confirm which of these parameters is the most
useful for monitoring healing disturbances. Further investigations should also focus in this
aspect, exploring the molecular mechanisms of CAL, which may further identify the ideal

parameters for healing disturbances.
2.1 New perspectives to prevent CAL

In Part IT we investigated tissue adhesives for the prevention of CAL., which is only
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one of the strategies in the prevention of CAL. Nevertheless, our studies have shown that
application of the selected tissue adhesives (TissuCol®, Histoacryl® Flex, and Duraseal®)
as anastomotic sealants integrates various favorable effects rather than simply providing

additional strength.

In Chapter 8, we found that in addition to the sealants with strong adhesiveness (e.g.
Histoacryl® Flex), application of anastomotic sealant known to have little adhesive strength
(TissuCol® and Duraseal®) still prevented anastomotic infection in contaminated surgeries
and thus reduced the occurrence of AL 15. This suggests that the sealing effect plays an
important role in the effect of adhesives in prevention of anastomotic infection caused by
fecal peritonitis. Such beneficial influence is mediated by alternatively active macrophages:
less M1-macrophages and more M2-macrophages were seen at the anastomotic site. Nitro
oxide produced by M1-macrophages is known to impair collagen deposition and delay
wound healing. So it seems that application of tissue adhesives also attenuates the healing

disturbance due to the accumulation of M 1-macrophages.

Similar results were also observed in the surgical IBD model in Chapter 9. The rates of
postoperative infectious complications may reach as high as 68% when IBD patients receive
high doses steroids 23, 24. A major course of the infectious complications (e.g. pelvic
sepsis) is leakage at the sutured or stapled anastomotic site 23, 25. In Chapter 9 therefore,
we validated a novel surgical IBD model by combining the classical TNBS-colitis model
with our colectomy model, enabling future research to study the influence of different
treatments on postoperative complication in IBD cases. Instead of systematical treatments
targeting healing disturbances (in this case: IBD), we continued on another strategy in this
model: application of the selected tissue adhesives as anastomotic sealants. As was shown
in the results, we found the aforementioned three selected adhesives all showed a beneficial
effect on anastomotic healing in the colitis model although none of them had any known
pharmacological effect on IBD. However, among the selected adhesives, only Histoacryl®

Flex showed significant protective effect on anastomotic healing.

In summary, in PART II we evaluated the mechanical properties of the tissue
adhesives, and tested them in different circumstances. In addition to their evident indications
(e.g. strong adhesiveness of cyanoacrylate to reinforce an insufficient anastomosis; sealing
effect of the selected tissue adhesives to protect anastomotic infection), we also found that

using these tissue adhesives in an IBD environment also improves anastomotic healing. The
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data from PART II suggest that prevention targeting on one factor (not necessary the main
etiological factor) may contribute to the prevention of CAL, which may lead to innovative

strategies in the prevention of CAL in the future.
2.2 Future perspectives to prevent CAL

We reported a series of studies regarding prevention of CAL with the tissue adhesives
in Part II. Our data support further application, especially Histoacryl® Flex, for CAL
prevention. Before clinical application, further tests in a porcine model should be performed
to evaluate technical details. Because of the minimal foreign body response and satisfactory
effect observed in our studies (Chapter 8, 9 and unpublished data), case series studies
regarding clinical application of Histoacryl® Flex may be attempted after these porcine
studies. Patients with higher risks of developing CAL (e.g. contaminated urgent surgery)
should be considered for such application. Special focus should be directed at the technique
of application of the adhesive: in the clinical situation a substantial part of the anastomosis
cannot easily be approached because of mesentery, pelvic position or both. Innovations for a

convenient applicator are in great need to this end.

Other preventive strategies may also be investigated with our CAL models. One
important field regarding prevention of postoperative complications in IBD patients has
not yet been explored due to lacking of animal models. The novel surgical IBD model
developed by our research group and described in Chapter 3 and 9 may greatly assist
research focusing on perioperative pharmacological regimes in IBD patients. In general,
we believe many strategies targeting the three etiological factors can be tested in the animal

models.
3.1 New perspectives regarding detection of AL

The detection of CAL starts directly after construction of anastomoses. Air leak tests
have been widely used worldwide to detect mechanically failed anastomosis. Lavage is
used in contaminated surgeries, and surgeons also ensure clearance of visible anastomotic
contamination before closing the abdomen. However, with current strategies, many CAL are

not detected until clinical symptoms become apparent 26, 27.

In many cases nowadays, the diagnosis of AL is based on CT or trans-anal contrast

test, or the combination of the two. However, the greatest concern is that a decision of a
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radiological examination depends on the surgeon’s awareness. Postoperatively, clinical
manifestations are evaluated and recorded on a daily basis in clinical practice, so are
laboratory tests. Surgeons are aware that when the clinical situation becomes worse, actions
or even reoperation are required. However, the literature provided us with limited data
regarding the prediction of CAL with regard to a trend of clinical manifestations. In our
systematic review (Chapter 10), we found one main concern in diagnosing CAL is that
most clinical strategies regarding anastomotic leakage detection focus on the actual value
of different tests at individual time points rather than their dynamic change over time 28.
Most studies compared the actual value of different parameters of CAL patients with those
without CAL. Many of them found that abnormal lab test results or vital signs are common

after colorectal surgery and lack satisfactory predicting value 29.

However, such conclusions may not reveal the full picture of postoperative
manifestations. The change pattern or trend of those manifestations has been shown to
be more informative than the actual data. We noticed that one study from den Dulk and
colleagues took repeated evaluation into account, finding satisfactory results 30. Many
investigations focused on early biomarkers of anastomotic infection. However, much
improvement can still be made. For example, the most frequent used systematic parameters
for infection are white blood cell count or C-reactive protein, which are routinely tested.
However, these parameters are mostly systematic parameters for inflammation, while
CAL is usually localized at an early stage, explaining for the limited predictive value for
early detection of CAL 28. Similar problems also occurs with CRP as many studies have
pointed out the CRP level has more value for exclusion CAL than selecting CAL patients.
Several studies have pointed out that the accuracy of peritoneal cytokine analysis showed
much better and earlier predicting value in CAL diagnosis. For example, intra-abdominal
evaluation of inflammatory parameters such as IL-6 and TNF-a showed promising results,

which were increased earlier than the occurrence of clinical signs 31.

Anastomotic ischemia is another good target for detecting CAL. In Chapter 11, we
found satisfactory results in detecting CAL with anastomotic perfusion measurements
with the miniaturized device in the rat CAL models. Our previous study also showed that
microdialysis technique targeting ischemic parameters (e.g. lactate, pyruvate, glucose
and glycerol) assists in the detection of CAL. With ongoing technological development,
anastomotic blood flow and lactate levels can be continuously monitored. A similar strategy

was also used in peritoneal microdialysis with satisfactory results 32. In Chapter 11, we
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used the miniaturized laser flowmetry device, which can provide a real-time measurement
of perfusion around the anastomosis. Combination of different intra-peritoneal markers and

their trends may provide useful information regarding early signs of CAL.
3.2 Future perspectives to detect CAL

Development of medical technology may bring a revolution in detection of CAL. Our
research suggests two main directions for further development of early CAL diagnosis,
both requiring further integration of the current approaches. One of these directions is data
mining. The systematic review in Chapter 10 clearly demonstrates that the current way of
interpreting clinical data (e.g. clinical signs, symptoms, and laboratory tests) is not sufficient
to detect early signs of CAL. Innovative computing algorithms (e.g. artificial neural
network) has been greatly developed in the recent years and showed inspiring results in
detecting appendicitis or other diseases 33, which may also facilitate the detection of CAL
in this regard. Before prospective cohorts, re-exploration of the existing database (e.g. data
from Dutch institute for clinical auditing, DICA) may already provide useful information
regarding conventional clinical signs and lab tests. Such work will require a large database
as well as substantial expertise in data analysis and statistical techniques. Multidisciplinary

collaboration should be encouraged in these studies.

The other direction is to focus on localized early changes in CAL occurrence. Further
investigation on intra-peritoneal fluid may be helpful. But due to the fact that postoperative
abdominal drainage is now being used in substantially less colorectal patients, other
alternative strategies are still needed. In one previous study, we tested the technique
of peritoneal microdialysis. Though useful, it seems such intervention is still not ideal
because application and maintenance of the device may still cause additional discomfort
to the patients. One solution might be intra-luminal implementation of microchips with
multichannel measurements. The principle of such a strategy has been demonstrated, but the

actual prototype and eventual product still awaits technological development.

Battles against human diseases are always arduous, which require dedication of many
generations of researchers. Although we remain unable to provide one ideal strategy or
strategies to conquer CAL at the end of this thesis, several achievements haven been

scored. We validated a novel rat colectomy model and derived several rat CAL models by
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combining varying risk factors respectively. These models are believed to facilitate the
future CAL research, providing more concise and standardized results. We systematically
evaluated mechanical properties of the tissue adhesives and tested them in different
circumstances including the CAL models, in which Histoacryl® Flex yielded inspiring
outcomes and seems to be ready for early clinical attempts. We summarized the clinical
strategies regarding the detection of CAL, and demonstrated the feasibility of detecting early
CAL by monitoring postoperative anastomotic perfusion with a miniaturized flowmetry
device. Last but not least, we propose three factors (i.e. communication between intra- and
extra-luminal compartment, anastomotic infection, and healing disturbances) based on our
observation, which seem to be actively involved in the occurrence of CAL in a synergistic
manner. This innovative perspective may help the future studies to gain insight in an
integrated manner during battling against CAL. On behalf of myself, and all the co-authors
and people that contributed to the work included in this thesis, we believe our efforts will be

paid off and patients will benefit from our work in the near future.
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SUMMARY

Colorectal anastomotic leakage (CAL) remains one of the most dangerous
complications after gastrointestinal surgery. In this thesis we described 11 studies with

regard to the etiology, prevention and detection of CAL.

In PART I, we validated a novel rat CAL model by performing an insufficient
anastomosis after partial colectomy. Moreover we describe several models derived from the

colectomy model.

In Chapter 2, we described the rat colectomy model, implementing a 12-suture
anastomosis and the first rat CAL model by constructing an insufficient anastomosis (i.e.
5-suture anastomosis). Anastomotic dehiscence, anastomotic abscess and peritonitis were
seen in both groups (i.e. 12-suture groups and 5-suture groups), but with significantly higher

rate in the insufficient anastomosis group (40-50%) and higher severity as well.

228 Chapter 13



In Chapter 3, we summarized the rat models that are used in the subsequent studies
in this thesis. In addition to the insufficient anastomosis model, we also introduced an
anastomosis model in which the anastomosis is created in a contaminated environment and
developed one surgical IBD model. Outcomes from these models demonstrate the three
CAL factors that are discussed in Chapter 12 (i.e. communication of intestinal lumen and
peritoneal cavity, anastomotic infection and healing disorder) all exist during the occurrence

of CAL.

Knowing those three factors, we continued our studies with tissue adhesives in PART II.

In Chapter 4, we systematically summarized the literature focusing on prevention of
CAL with tissue adhesives. The results demonstrated that though numerous studies have
been performed, a systematic evaluation of tissue adhesives for the prevention of CAL was

still lacking.

In Chapter S, we focused on the studies with regard to CAL prevention with
cyanoacrylate glue. The systematic review of the methods employed in those studies
indicated that substantial heterogeneity and methodological bias exists in the experimental
studies regarding tissue adhesives. Therefore, we performed a series of studies regarding

prevention of CAL with tissue adhesives in Chapter 6, 7, 8 and 9.

In Chapter 6, we evaluated the adhesiveness and rheology of 12 commercially
available tissue adhesives. Our results showed that sealants including fibrin and polyethylene
glycol glues had very limited mechanical adhesiveness in our ex-vivo model. In that study,

cyanoacrylate showed the strongest adhesiveness and satisfactory rheological properties.

In Chapter 7, 8 and 9, we tested tissue adhesives in different CAL models targeting

on the three etiological factors respectively.

In Chapter 7, the insufficient anastomoses were constructed in ex-vivo porcine colon
segments, after which the cyanoacrylate glue, i.e. Dermabond, was applied to externally
reinforce the anastomoses. The results demonstrated that cyanoacrylate glue was strong
enough to reinforce a mechanically insufficient anastomosis. Based on those data, we further
applied cyanoacrylate in a mechanically insufficient anastomosis. Significantly increased

anastomotic strength with little variation in mechanical strength was seen in anastomoses
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with Dermabond reinforcement.

In Chapter 8, we performed a colorectal anastomosis in a fecal peritonitis model and
applied three select adhesives on the anastomosis as sealant. Different from the previous
study, all the anastomoses in this study were mechanically sufficient. The main etiology
causing CAL in the model is anastomotic infection caused by peritonitis. As hypothesized,
anastomotic dehiscence and compromised anastomotic strength were also observed in
the rats with peritonitis. In this model, all three adhesives prevented occurrence of CAL
regardless of their adhesiveness. A sealing effect (i.e. preventing contact between intra-
peritoneal bacteria and the anastomosis) played the main role in prevention of CAL in this

model.

With the promising data from Chapter 8, we continued our study with their application
in Chapter 9, in which we used these adhesives in a surgical IBD model. Different from
the previous models, pathological changes of IBD caused both colon inflammation and
bowel ischemia, which impairs the anastomotic healing process and causes substantial
postoperative complications. In this study, we found that although all the select adhesives
yielded a favorable effect on CAL prevention, only Histoacryl Flex (a cyanoacrylate glue)
showed significant improvement when compared with the control group. Integrating the
results from three studies, our current results encourage further application of Histoacryl

Flex in the prevention of CAL.

In PART III, we focused on early detection of CAL.

In Chapter 10, we summarized the current strategies regarding diagnosis of CAL.
Our data showed that current routine methods still not yet have satisfactory results in
predicting or early detecting CAL. However, due to the fact that occurrence of CAL is a
dynamic process, new strategies such as real-time monitoring of drain fluid products seem
to be effective in early diagnosis of CAL. Parameters indicating anastomotic ischemia and

infection may manifest earlier changes than radiological signs of anastomotic dehiscence.

In Chapter 11, we measured intra and postoperative anastomotic perfusion in the
rat colectomy model and demonstrated that anastomoses with normal intraoperative

perfusion may still incur ischemia after surgery. Satisfactory results in detecting CAL with a
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postoperative perfusion-monitoring device were determined.

In Chapter 12, we discussed our work and proposed three factors (i.e. communication
of intestinal lumen and peritoneal cavity, anastomotic infection and healing disorder) that
are interactively involved in the CAL mechanism. Based on the work described in the thesis,
we proposed new perspectives with an integrated approach for investigating its etiology,

prevention and detection.
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Samenvatting

Naadlekkage (NL) van de anastomose blijft één van de gevaarlijkste complicaties na
colorectale chirurgie. In dit proefschrift worden 11 studies naar de etiologie, preventie en

detectie van NL beschreven.

In DEEL 1, wordt het eerste naadlekkage model in de rat gevalideerd. Daarnaast worden

de verschillende rat modellen beschreven die vanuit dit model verder ontwikkeld zijn.

In hoofdstuk 2, wordt het naadlekkage model van de rat beschreven. In dit model
komt NL tot stand door het aanleggen van een insufficiénte anastomose na een partiéle
colectomie. Naad-dehiscentie, naad-abcessen en peritonitis werden in zowel de 12 hechtingen
groep als de 5 hechtingen groep gezien, maar NL werd significant vaker in de insufficiénte

anastomose groep gezien.

In hoofdstuk 3, geven we een overzicht van de experimentele onderzoeksmodellen die

gebruikt zijn voor de studies in dit proefschrift. Naast het naadlekkage model, zijn ook het
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anastomose model in een gecontamineerd milieu en het chirurgische IBD model ontwikkeld.
In deze modellen komen de NL symptomen naar voren die aanwezig zijn bij het ontstaan
van of gedurende naadlekkage. Zoals genoemd in de discussie laat de uitkomst van deze
modellen zien dat we te maken hebben met drie NL factoren die allen aanwezig zijn bij het
ontstaan van NL: verbinding tussen de intraluminale darm en het abdomen, infectie van de

anastomose en verslechterde wondgenezing.

In DEEL 2 hebben we de kennis van deze drie risicofactoren voor het ontstaan van
naadlekkage gebruikt en ons gefocust op het gebruik van verschillende weefsellijmen ter

preventie van naadlekkage.

In hoofdstuk 4 geven we een overzicht van de literatuur met betrekking tot preventie
van NL met weefsellijmen. Uit de resultaten van dit onderzoek bleek dat er wel een aantal
studies zijn uitgevoerd met weefsellijm en preventie van naadlekkage, maar dat een

systematische evaluatie en systematische aanpak van de uitvoering van deze studies ontbrak.

In hoofdstuk 5, geven we een weergave van het gebruik van cyanoacrylaatlijm in
colorectale anastomoses. Deze studie laat zien dat er een grote variéteit is in de methode
van het gebruik van de verschillende lijmen in verschillende diermodellen. Daarom
hebben we een serie studies (hoofdstuk 6, 7, 8 en 9) verricht naar de preventie van NL met

verschillende soorten weefsellijmen.

In hoofdstuk 6, hebben we de reologie en adhesiveness (adhesiviteit van de lijm) van
12 commercieel verkrijgbare lijmen met elkaar vergeleken. Hieruit bleek dat sealants zoals
fibrine lijm en polyethyleen glycol (PEG) lijmen een zeer beperkte adhesiveness hebben, en
dus maar een beperkte mechanische kracht aankunnen. In tegenstelling tot deze lijmen, liet

cyanoacrylaatlijm een sterke adhesiveness zien met sufficiénte reologische eigenschappen.

In hoofdstuk 7, 8, en 9 zijn verschillende weefsellijmen getest in naadlekkage
diermodellen. Hierbij hebben we ons gericht op de etiologische factoren voor het ontstaan

van NL: insufficiénte anastomose, gecontamineerd milieu en IBD.

In hoofdstuk 7, hebben we in een ex-vivo model insufficiénte colon-anastomosen
aangelegd en vervolgens Dermabond (een cyanoacrylaatlijm) aangebracht om de
anastomose te versterken. De resultaten lieten zien dat deze cyanoacrylaatlijm sterk genoeg

was om een mechanisch insufficiénte anastomose te versterken.
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In hoofdstuk 8, hebben we een colon-anastomose in een experimenteel peritonitis
model aangelegd. Drie weefsellijmen zijn uitgekozen op basis van de eerdere studies. Deze
lijmen zijn circulair op de anastomose aangebracht. Alle anastomosen waren sufficiént
aangelegd en de voornaamste reden voor het verkrijgen van NL in dit model werd dus
veroorzaakt door infectie van de anastomose door het gecontamineerde milieu. Zoals we in
onze hypothese hadden verwacht, zagen we vaker een naad-dehiscentie en een verminderde
sterkte van de naad in het peritonitis model. Echter, alle drie de lijmgroepen lieten geen
NL zien. Alleen afdichting (sealing) van de anastomose ter voorkoming van onder andere
contact met bacterién intraluminaal met de anastomose bleek een belangrijke rol te spelen in

de preventie van NL in dit model.

Deze veelbelovende data uit hoofdstuk 8, heeft geleid tot een vervolgstudie. In
hoofdstuk 9, presenteren we een studie waarin we dezelfde lijmen gebruiken ter preventie
van NL maar dan in een chirurgisch IBD (inflammatory bowel disease) model. De
pathologische veranderingen die IBD met zich meebrengt veroorzaakt ontstekingen maar
ook darmischemie. Klinisch gezien lopen patiénten met IBD een hoger risico op het
ontwikkelen van abcessen en NL na darmoperaties. Ook uit deze studie bleek dat alle lijmen
een beschermend effect hadden tegen NL. Echter, alleen Histoacryl Flex liet significante
verbetering zien in vergelijking tot de controle groep. De resultaten van deze drie studies
sporen zeker aan tot verder onderzoek naar de applicatie van Histoacryl Flex ter preventie

van NL.
In DEEL 3 hebben we ons gefocust op de vroege detectie van NL.

In hoofdstuk 10, hebben we de huidige methodes ten aanzien van het stellen van
de diagnose naadlekkage samengevat. Deze studie laat zien dat er tot op heden nog geen
bevredigende methoden zijn om het ontstaan van NL te voorspellen of vroegtijdig te
diagnosticeren. Het ontstaan van NL is een dynamisch proces en daarom lijken nieuwe
strategieén zoals ‘real-time monitoring’ van bijvoorbeeld drainvocht effectief voor het
vroegtijdig diagnosticeren van NL. Parameters die een indicatie kunnen zijn voor ischemie
of infectie van de anastomose komen mogelijk eerder tot uiting dan bijvoorbeeld met

beeldvorming.

In hoofdstuk 11, hebben we in een rat model de perfusie van de anastomose gedurende

darmoperaties gemeten en ook postoperatief; hieruit bleek dat er mogelijk sprake is van
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een ischemische anastomose kort na de operatie wat leidt tot NL terwijl dit gedurende de

operatie niet aan het licht komt.

In hoofdstuk 12, bespreken we alle studies en geven we drie factoren aan die
betrokken zijn bij het ontstaan van NL (verbinding tussen de intraluminale darm en het
abdomen, infectie van de anastomose en verslechterde wondgenezing). Op basis van de in
dit proefschrift beschreven studies geven we nieuwe inzichten in NL etiologie, preventie en

detectie.
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