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ABSTRACT

Background and study aim: Colonic perforation is a serious complication of colonoscopy, 

with surgical repair usually indicated. The aim was to compare acute strength of various 

endoscopic colonic closure techniques by assessing air leak pressures in a previously 

described ex vivo experimental apparatus. 

Methods: Standardized colonic perforations were created using fresh porcine colon and 

subsequently closed on a bench. Six techniques included surgical suture (gold standard), 

QuickClips, T-tags, over-the-scope-clip (OTSC) system, and two types of flexible stapler 

(Covidien). After closure, each specimen was fixed in the apparatus and pressure was 

gradually increased until air bubbles were seen. Leak pressure was the primary outcome 

parameter. Closure using the gold standard (first 15 experiments) resulted in a mean 

leak pressure of 86.9 mmHg (SD 7). Using a noninferiority design a sample size of 12 

specimens for each closure technique was determined. 

Results: Mean colotomy leak pressures in millimeters of mercury (mmHg) and difference 

(with 95% confidence intervals [CI]) between each technique and the gold standard 

were: QuickClips 85.1 (difference –1.8; 95%CI –7.0 to 3.9); T-tags 53.9 (difference 

–33.0; –39.0 to –27.0); OTSC 90.3 mmHg (difference 3.4; –6.1 to 12.9); 15-mm shaft 

stapler 98.5 mmHg (difference 9.7; 0.8 to 18.5) and 8-mm shaft stapler 96.6 mmHg 

(difference 11.6; 1.5 to 21.7). 

Conclusions: OTSCs, QuickClips, and both flexible staplers produced results comparable 

to hand-sewn colotomy closure in this ex vivo porcine colonic model. These devices seem 

to be prime candidates for further evaluation in survival animal studies.
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INTRODUCTION

Iatrogenic colonic perforation is a rare but severe complication of colonoscopy that is 

associated with a high morbidity and even mortality1. It occurs with an incidence of 

0.01% to 0.6% of all colonoscopies1–4. Despite this low incidence, the absolute numbers 

of perforations are substantial since the total numbers of colonoscopies performed are 

high and currently still increasing. For example, in the Netherlands with a population of 

16 million people, 72 012, 67 173, and 58 950 colonoscopies were performed in 2008, 

2007, and 2006, respectively5. These figures seem to imply that up to 432 iatrogenic 

colonic perforations could have occurred in 2008. Currently, the standard treatment 

consists of open or laparoscopic surgical repair1. In the past decade various endoscopic 

colonic closure modalities have been described in experimental animal studies 6–10 and 

a few human case reports 11–14. Secure endoluminal closure may avoid the need for 

surgery, decrease morbidity, and shorten the length of hospital stay. In parallel with 

endoluminal closure of perforations, secure transluminal closure also remains the 

fundamental barrier to the safe introduction of natural orifice transluminal endoscopic 

surgery (NOTES) into humans. The availability of a reliable, safe, and easy to handle 

flexible colonic closure modality may allow translation of transcolonic NOTES procedures 

into human pilot studies.

To our knowledge, no adequately powered comparison of different colotomy closure 

modalities has been reported. The aim of the current trial was to evaluate and compare 

the acute strength of various flexible colonic closure techniques using a previously 

described ex vivo experimental apparatus to assess air leak pressures, and to select the 

most promising closure devices for further in vivo evaluation15. 

METHODS

Whole colons were harvested from freshly slaughtered adult pigs weighing 55–65 kg. 

The specimens were refrigerated for a maximum of 24 hours but not deep-frozen. The 

porcine colons were cut into pieces of 10 cm in length and were cut along the entire length 

to create flattened colonic specimens. A small central puncture hole (2 mm) was created 

using a surgical knife. The colonic opening was then dilated in a standardized fashion 

using a 18-mm dilating balloon (CRE balloon; Boston Scientific, Natick, Massachusetts, 

USA). The balloon was inflated to a pressure of 7 atmospheres, matching with an outer 

diameter of 18 mm, for exactly 60 seconds and was then deflated.

Closure

Once the colotomy had been created, it was closed using one of the six closure modalities 

listed below (Fig. 1).
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Fig. 1 Closure of standardized 
colonic perforations in a 
porcine model. Flexible closure 
modalities investigated: A 
Quickclips; B T-tags; C over-
the-scope clip (OTSC) system; 
D flexible 15-mm stapler; 
E prototype flexible 8-mm 
stapler. (For color figures, see 
page 259)

A

B

C

D

E
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1 Hand-sewn interrupted suture with 3.0 polydioxane (PDS) II (Ethicon Endo-Surgery, 

Cincinnati, Ohio, USA). The surgical suture was considered to be the gold standard. 

2 QuickClips (Olympus Medical Systems, Hamburg, Europe; Fig. 1a). 

3 T-tags (Ethicon Endo-Surgery, Cincinnati, Ohio, USA; Fig. 1b). This system consists of 

a 3-0 polypropylene thread attached to a metal anchor bar, which is loaded into a 

plastic-covered needle, with a stylet to dislodge the bar. The needle, loaded with the 

T-tag, is passed through the tissue a few millimetres to the side of the perforation and 

the anchor is ejected beyond the colonic wall. Another T-tag is placed on the opposite 

side of the defect. Finally, the threads are tied together with a locking cinch.

4 Over-the-scope clip (OTSC) system (Ovesco Endoscopy GmbH, Tübingen, Germany; 

Fig. 1c). This device consists of a large nitinol clip preloaded onto a transparent plastic 

cap. The cap is mounted on the tip of an endoscope and the clip can be released by 

rotating a wheel, which is attached to the shaft of the endoscope. To approximate 

both sides of the perforation, a twin grasper is deployed through the working channel. 

The twin grasper has one fixed middle branch and two independently movable lateral 

branches, so that both perforation edges can be grasped separately. The tissue was 

approximated and gently pulled into the cap while continuous suction was applied. 

The OTSC was then released by pulling on a wire that was led through the working 

channel of the endoscope.

5 Flexible 15-mm stapler (Covidien, North Haven, Connecticut, USA; Fig. 1d). This flexible 

stapler (previously manufactured by Power Medical Interventions) is a computer-

mediated, electromechanically powered cutting and stapling device delivered on a 

flexible working shaft that is 15 mm in diameter. Staples were 60 mm in length and 

only partially deployed. Staple leg length was 3.8 mm.

6 Prototype flexible 8-mm stapler (Covidien; Fig. 1e). This prototype flexible cutter and 

stapler is also electromechanically powered. The motor of the stapler is located in the 

distal end of the device, just proximal to the cartridge. The flexible shaft is 8 mm in 

diameter. The rigid head is 14 mm in diameter and 8 cm long. The staples used were 

30 mm in length and the staple leg length was 3.5 mm. 

Closures were carried out manually on a bench without the use of an endoscope 

(except in the case of the OTSC system). This was done to eliminate the difficulties 

of an endoscopic approach in order to create optimal closures for each of the tested 

modalities. Closures were done by using sutures, clips, or staples until the colotomy 

appeared to be adequately closed at macroscopic inspection.

Leak testing

Leak testing was performed as previously described [15,16]. In brief, following closure 

the colonic explants were fixed on the experimental apparatus with the mucosa facing 

down, creating an airtight space within the pot. Subsequently, pressure within this 

airtight space was gradually raised. A standardized water film positioned upon the 

specimen showed air bubbles when leakage happened. The pressure gauge was linked 
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to two cameras, so that the leak location and pressure could be determined in great 

detail afterwards (Fig. 2).

Outcome parameters and statistics

The primary outcome parameter was the leak pressure of closed colotomies. Leak 

pressure was defined as the pressure at which the first air bubbles could be seen. The 

secondary outcome parameter was closure time. Closure time was defined as the time 

from first contact between the colonic tissue and the closure modality to adequate 

closure as assessed by macroscopic inspection. 

All calculations were carried out using the Statistical Package for Social Sciences for 

Windows 16.0.2 software (SPSS Inc, Chicago, Illinois, USA). Data are expressed as 

mean with standard deviation (SD) or as median with interquartile range (IQR) when 

appropriate. 

The leak pressure of each flexible closure modality was compared with that of surgical 

closure by using the actual difference in leak pressure between the two techniques. The 

95% confidence interval (CI) of this difference was used to test equivalence. A difference 

Fig. 2 Digital interface showing two camera views and pressure curve. Left upper panel: the fixed 
specimen from below. Right upper panel: fixed specimen from above; the air bubbles demonstrate 
leakage. Lower panel: the curve shows the leak pressure within the experimental apparatus. 
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larger than 1 SD (i.e. 7 mmHg; see section below on Sample size) was considered to 

show inferiority.

Sample size

By testing 15 colotomies closed with interrupted surgical sutures, we collected gold 

standard reference values. This gave a mean leak pressure of 86.9 mmHg (SD 7 mmHg). 

Using a two-group normal approximation test of means, a noninferiority design, a 

common SD of 7 mmHg, a one-sided significance level of 0.05, power of 80%, and 

margin of equivalence of 1 SD (7 mmHg), a sample size of 12 specimens for each closure 

technique was determined. 

RESULTS

All 60 colonic perforations were macroscopically successfully closed with one of the 

five different endoscopic techniques (Fig. 1a–e). The results for each closure device are 

summarized in Table 1. Colotomies closed with standard endoclips (QuickClips) showed 

air leakage at a mean pressure of 85.1 mmHg (SD 7.4); T-tag closure at 53.9 mmHg (SD 

8.1); OTSC closure at 90.3 mmHg (SD 16.1); 15-mm shaft flexible stapler at 98.5 mmHg 

(SD 17.3); and 8-mm shaft flexible stapler at 96.6 mmHg (SD 14.7). 

Table 1. Leak pressure and closure time for each modality used to close colonic perforations in an ex 
vivo porcine model

Leak pressure – mmHg Closure time, minutes

Closure modality Mean SD Mean 95% CI

Surgical suture 86.9 7.0 03:20 2:59  – 3:41

Quickclips 85.1 7.4 02:59 2:43 – 3:15

T-tags 53.9 8.1 10:33 8:55 – 12:11

OTSC 90.3 16.1 01:36 1:19 – 1:52

Flexible 15mm stapler 98.5 17.3 01:02 0:59 – 1:06

Flexible 8mm stapler 96.6 14.7 07:44 7:01 – 8:27

SD: Standard deviation; CI: Confidence interval

The difference from the pressure with the gold standard was as follows (Fig. 3): endoclip 

(QuickClip) closure, –1.8 mmHg (95%CI –7.0 to 3.9); T-tag closure, –33.0 mmHg (–39.0 

to –27.0); OTSC closure, +3.4 (–6.1 to 12.9); 15-mm flexible stapler, +11.6 (1.5 to 21.7); 

and 8-mm flexible stapler, +9.7 mmHg (0.8 to 18.5). Closure using the endoclips, the 

OTSC system, and both flexible staplers resulted in leak pressures comparable with that 

of the gold standard. Colotomy closures using the T-tag, on the other hand, were inferior 

to the surgical suture closure (Fig. 3). 
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Closure using the OTSC or the 15-mm flexible stapler was macroscopically successful with 

one clip or one staple line, respectively. In the case of the smaller 8-mm shaft flexible 

stapler two staple lines were necessary to achieve adequate closure in all cases. With 

the endoclips and T-tags, a median of 3 (range 3–4) clips or pairs of T-tags were placed.

The mean closure times were as follows: surgical suturing, 3.3 minutes (95%CI 3.0 to 3.7); 

QuickClips, 3.0 minutes (2.7 to 3.3); T-tags, 10.6 minutes (8.9 to 12.2); OTSC closure, 1.6 

minutes (1.3 to 1.9); 15-mm stapler, 1.0 minutes (1.0 to 1.1); and the prototype 8-mm 

stapler, 7.7 minutes (7.0 to 8.5) (Table 1).

DISCUSSION

Reliable endoluminal closure of iatrogenic perforations holds promise for widespread 

clinical use, since it may avoid the need for surgery and decrease subsequent morbidity 

and hospital stay. In this ex vivo comparative trial we evaluated five flexible colonic 

closure modalities. We found that colonic closure using the Quickclips, OTSC, and both 

Covidien staplers resulted in strength comparable to that of hand-sewn colotomy closure. 

An ex vivo model was chosen, because it was the most efficient and ethical means for 

the primary evaluation and comparison of novel techniques. Using this approach, only 

the most promising techniques would be selected for further in vivo evaluation, saving 

animals and costs. Moreover, an ex vivo evaluation allows detailed assessment of the 

closure technique itself, excluding other potential variables such as the delivery system. 

Fig. 3 Difference in leak pressure between the gold standard (surgical suture) and each of the flexible 
closure modalities. The bars show the 95% confidence intervals (CIs). The vertical line shows the 
predefined margin of equivalence of 1 SD (–7 mmHg). OTSC, over-the-scope clip. (For color figures, see 
page 260)

95%-CI difference in leakpressure

-40 -30 -20 -10 0 10 20

Quick Clips

T-tags

OTSC
Stapler (8mm)
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Difference in leakpressure (mmHg)
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Apart from the study of Ryou 

et al., no ex vivo comparison of 

colonic closure modalities had 

been reported 17. However, 

the latter report included only 

two endoscopic techniques and 

was underpowered for proving 

noninferiority to gold standard 

values. In the present study, the 

majority of the currently used 

endoscopic closure modalities 

were tested with sufficient 

repetition to ensure adequate 

power.

The techniques included can 

be grouped into three different 

categories (Fig. 4) 15. First, the 

gold standard surgical sutures 

provided a parallel closure of the 

colonic wall layers, including the 

serosal layer (Fig. 4a). Second, 

closure of the colotomy using 

both flexible staplers, OTSC, and 

Quickclips was intended to result 

in inverted closure with serosa 

to serosa apposition (Fig. 4b). Finally, the T-tag technique created everted closures, 

with mucosa to mucosa apposition (Fig. 4c). All techniques except the T-tags provided 

strength comparable to that of the gold standard. In line with surgical principles, we 

showed the superiority of full-thickness (serosa to serosa) closure. Although previous ex 

vivo gastrotomy closure experiments using comparable closure techniques have resulted 

in significantly higher leak pressures than those in the current report, serosa to serosa 

closure appeared to be superior for colotomy as well as gastrotomy closure 15,16. The 

superiority of serosa to serosa apposition, in comparison with everted mucosa to mucosa 

closure, is also expected with regard to long-term reliability; specifically, everted mucosa 

to mucosa suturing does not induce permanent fusion between joined folds [18,19]. 

Serosal rather than mucosal juxtaposition, however, induces local ischemia, foreign-

body reaction, and permanent contact between serosal surfaces by fibrinous adherence 

[19,20]. 

In many NOTES-related experimental studies, endoclips have been used for endoscopic 

closure of colonic perforations in the gastrointestinal tract, with varying success rates 

Fig. 4 Types of closure: a parallel; b inverted; c everted 
(adapted from Voermans et al. [14].

A

B

C
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6,9,21–23. In contrast to other techniques, which attempt to achieve inverted closure, 

endoclips have often achieved closure only of the mucosal layer because of slippage from 

the clip of deeper layers. Secondly, gaping perforations cannot be closed with standard 

endoscopic clips if the defect is larger than the wingspan of the open clip. These factors, 

which were partly excluded in this ex vivo study, could explain the relatively high number 

of infectious complications reported from in vivo survival animal studies in spite of the 

adequate strength shown in this study 6,22,24. 

Compared with standard endoclips, the OTSC has a much wider wingspan (12 mm). 

In combination with the use of a twin grasper to facilitate serosa to serosa apposition, 

this resulted in full-thickness closure in all specimens. Besides providing strength, closure 

with the OTSC was easy to perform, as shown by the very short mean closure time (1.6 

minutes). In vivo survival and nonsurvival experiments have confirmed the promising 

results regarding strength and ease of closure of perforations with the OTSC 8,10,25. 

The two flexible staplers produced the strongest closures. Furthermore, the 15-mm 

stapler, especially, was very easy to use (mean procedural time 1.0 minutes). However, 

the biggest challenge with the flexible staplers will be the safe maneuvering of these 

relatively bulky devices through the gastrointestinal tract and operating them within 

its confined lumen. Due to the short length of the staple line (30 mm) of the 8-mm 

shaft flexible stapler, it was necessary to reload it once for adequate closure of each 

colotomy, which caused the relatively long procedure time (mean 7.7 minutes). On 

the other hand, the reduction in length of the rigid stapler head in combination with 

the increased flexibility of the relatively small shaft may be beneficial in vivo, potentially 

allowing maneuvering around the colonic bends. In contrast with the other techniques 

studied here, stapling could also combine adequate closure with full-thickness resection 

of premalignant or malignant colonic lesions. 

The T-tags produced closures that were inferior to the predetermined gold standard. 

T-tags were designed to produce full-thickness sutures. However, when the sutures are 

tightened from the mucosal side without a suture crossing the incision at the serosal 

side, it results in mucosa to mucosa juxtaposition (Fig. 4c) 15. T-tags have already been 

used quite frequently in porcine NOTES experiments for colotomy closure with promising 

results in some studies 7,24,26,27. The largest (comparative) experimental trial using T-tags 

for colotomy closure was performed by Raju et al. 7. They concluded that there was 

no statistically significant difference between surgical and T-tag closure. However, their 

study was not designed (and therefore not adequately powered) as an equivalence trial. 

On the basis of their study it can only be concluded that outcome of T-tag-colotomy 

closure is not (significantly) different from that of surgical closure, but not that the two 

techniques are comparable. Secondly, 15% of the pigs in which the colotomies were 

closed using T-tags, did not survive the planned 2 weeks. Moreover, 10 out of 27 of these 

pigs (37%) had fibrinous deposits in their peritoneal cavity which is a sign of possible 

leakage. Such mortality and infectious complications rates will not be acceptable in 
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human clinical practice. Other in vivo survival experiments with colotomy closure using 

T-tags have been described, besides that of Raju et al. 7,9,24,27,28; infectious complication 

rates varied between 0% and 50%. Despite the fact that in vivo survival results with T-tag 

colotomy closure seem to be more promising than might have been expected based on 

the outcome of our study, nevertheless an unacceptable proportion of in vivo colotomies 

closed by T-tags seem to be associated with infectious complications. One explanation 

may be that in the majority of cases relatively little strength is enough to result in a 

good clinical outcome, but sometimes stronger closure is necessary in the case of peak 

pressures occurring, for example, during bowel spasms. 

Apart from the risk of leakage of bowel contents, another important drawback of using 

T-tags in vivo is the blind puncturing through the gut wall. This is a potentially dangerous 

feature, because it may lead to injury of adjacent organs7,29. 

In comparison with surgery, endoluminal closure has several advantages. The recognized 

perforation can be closed immediately, thereby limiting the extent of peritoneal soiling. 

There is the additional advantage of avoiding the risk, often associated with laparotomy 

and even laparoscopy, of adhesions that may develop from peritoneal incision and 

dissection 1,4,30. Lastly, closure can be completed with the patient under conscious 

sedation during the same session, thereby eliminating the need for general anesthesia 

and the costs associated with it. 

Alongside the endoluminal closure of perforations, the availability of a secure flexible 

closure technique may allow safe introduction of transcolonic NOTES into humans. NOTES 

shows promise as a less invasive alternative to laparoscopic and traditional surgery. Thanks 

to the theoretical and practical advantages of this concept, such as scarless surgery, 

less pain, lesser extent of wound complications, earlier mobility, and faster recovery, 

there is considerable interest in this approach among patients who need surgery. The 

majority of patients would prefer a NOTES over a laparoscopic cholecystectomy 31,32, 

with lack of “external pain” and of scarring as the most commonly cited reasons. Patients 

expressed this preference for NOTES provided that complication rates were comparable 

with current standards with laparoscopy. The availability of a reliable and easy to handle 

flexible colonic closure modality is therefore obviously vital. Adequately powered in vivo 

survival animal experiments with the most promising closure modalities (both types of 

flexible stapler and the OTSC system) are necessary before potential transference of the 

techniques into humans could be considered. 

Our experimental apparatus deserves some comment. Intracolonic pressures described 

in the literature range from 30 to 109 mmHg 33,34; however the optimal ex vivo acute 

strength of closure remains unknown. Secondly, the results regarding leak pressure as 

well as timing, from this ex vivo study may not be completely applicable to an in vivo 

model. An ex vivo leak pressure of above 80 mmHg may be an unnecessarily rigorous 

predictor for clinical success. The discrepancy between our ex vivo results for T-tag 
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colotomy closure and the results from in vivo survival experiments may indicate this 
7,9,24,27,28. However, as mentioned, infectious complication rates from different reports 

concerning T-tag colotomy closure vary between 0% and 50% 7,9,24,27,28. Consequently 

we still do not know which pressures are necessary to achieve adequate closure and a 

subsequent low infection rate. It may be the case that rarely occurring peak pressures 

make strong closure necessary. To address these issues, we did not use a fixed threshold 

pressure to test the reliability of each technique but compared all the experimental 

modalities with a technique of proven reliability, that is, the surgical suture. 

Furthermore, adequate closure using the tested techniques may be challenging and 

might result in a different outcome when applied in an in vivo model using an endoscope 

rather than in the optimal conditions of this ex vivo model. In addition, acute strength 

may not be the best predictor for long-term reliability of closure. Survival experiments are 

necessary to determine the actual reliability of the most promising techniques. Finally, 

the creation of the colonic perforation was carefully controlled. Closure of iatrogenic, less 

controlled colotomies might have had a different outcome. 

In conclusion, endoscopic closure of colonic incisions to predetermined gold standard 

leak pressures proved to be attainable with QuickClips, the OTSC system, and two 

different types of flexible stapler. The flexible staplers yielded the strongest closures. 

T-tag closure, on the other hand, was inferior to the gold standard. In vivo survival animal 

experiments with adequate statistical power are needed to further evaluate the most 

secure closure modalities. Only those modalities with the best results in these studies 

should be considered for human indications. 
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