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Abstract

:

Biomechanics are gaining ground in gastroenterology in the creation of educational models and to describe the necessary forces to perforate hallow organs during endoscopy. We thus investigated the breaking forces of porcine intestinal segments and whether they could be predicted based on body weight or crown–rump length. Based on a priori power-analyses, 10 pigs were included. The breaking forces were determined with a motorized test stand. We found that the breaking forces of intestinal segments were different (H(6) = 33.7, p < 0.0001): Ileal breaking force (    x  ¯    = 24.14 N) was higher than jejunal (    x  ¯    = 14.24 N, p = 0.0082) and colonic (    x  ¯    = 11.33 N, p < 0.0001) breaking force. The latter was also smaller than cecal breaking force (    x  ¯    = 24.6 N, p = 0.0044). Likewise, rectal (    x  ¯    = 23.57 N) breaking force was higher than jejunal (p = 0.0455) and colonic (p = 0.0006) breaking force. Breaking forces were not correlated to body weight or crown–rump length (R < 0.49, p > 0.148). Intestinal segments differ in their breaking forces. The colon had the least resistance to traction forces. It remains to be determined if similar relationships exist in humans in order to validate porcine models for endoscopy and surgery.
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1. Introduction


The biomechanical properties of organs have long been of interest for surgical procedures in particular [1,2,3,4,5]. With the ongoing progress in interventional gastroenterology, regularly replacing surgery [6,7,8,9], the biomechanical properties of intestinal organs recently came into focus, too [10]. Cadaveric studies in humans were exceptionally rare in the literature, and all of them were conducted using bursting strength testing [11,12]. It, first described by Chlumsky in the 19th century [13], has several drawbacks. The most relevant is the non-comparability of measurements beyond a single study in terms of quantitative data [14,15]. Breaking force, first described by Howes [16], in contrast, allows for the inter-study comparison of results [14]. This is of particular relevance for gaining a collective level of evidence that allows for the thorough evaluation of an (experimental) technique beyond a single study. Endoscopic procedures have been of interest to gastroenterologists with respect to biomechanical properties, either evaluated in human-like models [17] or in fresh porcine organs [18].



It has been bemoaned that there is considerable variability in the results of biomechanical testing [19]. This is partially attributed to methodological differences, but also to variability in model selection [19,20]. However, detailed knowledge of anatomical and biomechanical parameters is crucial for model selection and the transferability of results to human disease [21]. Another factor for variability might be the size or weight of the investigated species. This can be demonstrated by an example from xenotransplantation: From a surgical point of view, a pig weighing 30 kg was considered to be most suitable for the experiment [22]. However, biomechanical analyses suggested that pigs at the age of five months had tissue properties and vasculature sizes to come as close as possible to the potential human recipient [23].



Swine had long been the model of choice for many areas of experimental research as porcine anatomy and physiology is relatively similar to humans [24]. This is even the case in the most extreme age groups such as in newborns [25]. Consequently, swine had become a standard model in endoscopy research beyond the well-described models of esophageal endoscopic mucosal dissection [26] and esophageal endoscopic submucosal dissection [27]. Their usage as a model organism, for example, now extends to colorectal endoscopic submucosal dissection [28], upper gastrointestinal bleeding [29], or addressing intestinal perforations via endoscopic repair [30]. In addition, simulation models, created to improve training in gastrointestinal endoscopy, utilized porcine intestines to model human intestines and thereby create an adequate training environment. Such a training opportunity contributes towards better training and aid in gaining experience that is required to adequately perform difficult tasks within a procedure [31]. Porcine-based endoscopy simulators have been created for endoscopic submucosal dissection [32], peroral endoscopic myectomy [33], anastomotic strictures in Crohn’s disease [34], and colonoscopy [35]. Successful use of these simulators, however, requires that they adequately model the human patient and be consistent models, i.e., in a way that they always have similar tissue parameters and tissue properties. This is necessary to achieve a lasting training effect with respect to the performed interventions.



Designing such a model requires knowledge on the used porcine tissue parameters and a potential starting point to ensure adequate model standardization beyond the single experiment to train interventions using these simulators. In order to investigate whether simple biomechanical properties could be related to allometric parameters, as potential starting points for model standardization, we measured breaking forces in sections of the intestines of German landrace pigs. The intestinal segments were evaluated for a potential relationship to the allometric parameters of crown–rump length and body weight in order to contribute to the further refinement of experimental models of interventions. Our report focused on breaking forces of the intestine, because breaking forces are regularly used to evaluate enterotomy closures [36] and anastomoses [37,38].




2. Materials and Methods


In our study, 10 consecutive German landrace pigs (Sus scrofa domestica), 9 males and 1 female, were included. These pigs were obtained from the Landwirtschaftliche Fakultät der Rheinischen Friedrich-Wilhelms-Universität Bonn, Lehr- und Forschungsstation Frankenforst (Königswinter-Vinxel, Germany) [39]. Each pig was an experimental unit, and only one animal was used per experiment in order to separate them into mini-experiments, because this increases the experiment’s reproducibility [40]. Their microbiological status was conventional, and swine had been vaccinated against mycoplasma on day 3 and day 10 of life according to the standard practice of our vendor [41]. Before transfer to our facility, the feeding and husbandry practices adhered to the husbandry regulation and standard guidelines of the Zentralverband der Deutschen Schweineproduktion [41]. Swine had time to acclimatize for three days at our facility [42] before the experiments began in order to ensure that all relevant parameters altered due to transport were back to normal baseline values [43]. The relative humidity at our facility was kept between 50% and 60% at a temperature between 16 °C and 18 °C. The air in the facility was exchanged at least 8 times per hour. Each swine was housed alone in a box sized 4 m2 to 6 m2, which was enriched by chains, balls, and additional play materials for the pig. Each box had an infrared heating lamp available for the swine in order to keep its temperature during resting periods. We used dark–light cycles of 12 h with artificial lighting between 7 am and 7 pm. Drinking water was available ad libitum to the pigs, and they were fed regular chow (Altromin 9023, Altromin Spezialfutter, Lage, Germany) in our facility.



We measured crown–rump length from the top of the skull to the base of the tail [44]. After the pigs were euthanized using T61® (tetracaine/mebenzonium/embutramide, Intervet, München, Germany), we conducted a necropsy as described previously [45]. After removal of the intestinal organ package, we identified the different distinct parts of the intestine, the duodenum, the jejunum, the ileum, the cecum, the colon, and the rectum. In the middle of all these intestinal parts, a representative section of 6 cm length was marked and excised. For the duodenum, this was 10 cm distal to the stomach; for the jejunum, it was 20 cm aboral to the ligament of Treitz; and for the ileum, this was 20 cm oral to the ileo-cecal valve. For the cecum, the representative section was directly adjacent to the aboral part of the ileo-cecal valve; for the colon, it was 20 cm aboral to the ileocecal valve; and for the rectum, it was 10 cm oral to the anus. The excised section was then mounted into a motorized test stand (Sauter THM500N, Kern & Sohn, Balingen, Germany) and subjected to linearly increasing traction forces (Figure 1), which advanced at the standard rate of 10 mm per minute used in such experiments [46,47,48,49]. Traction forces were gauged using a tensiometer (FL100, Kern & Sohn, Balingen, Germany) until the muscular layer was disrupted and the mucosal layer was still visible. This was registered as a loss of force by the tensiometer and the maximum value was recorded as the breaking force [50,51,52,53,54,55]. The experimental setup has been described in detail elsewhere [53,54] and is photographically depicted in Figure 2. We conducted all experiments within two hours after the swine’s euthanasia to ensure that our results were not affected by structural changes due to cell death.



Representative specimens were obtained from the site of the tissue rupture as well as 2 cm oral and aboral to it. Specimens were fixed in 4% buffered formaldehyde solution (Sigma Aldrich, Darmstadt, Germany) for 24 h at room temperature. Then, specimens were dehydrated in ascending alcohol concentrations and embedded in Tissue-Tek III paraffin wax (Sakura Finetek, Alphen aan de Rhijn, The Netherlands) to allow further processing for histological staining. Sections of 3 µm size were cut and stained with Hematoxylin-Eosin, Elastica-van Gieson (Medite Tissue Stainer, Medite, Burgdorf, Germany), and Masson’s trichrome (Avantor, VWR, Darmstadt, Germany) according to standard protocols [56].



Although data for the breaking force of porcine intestine were not available in the literature, we used the results from dogs [57] to conduct a formal a priori power analysis: With five groups of 10 dogs and the highest standard deviation of 0.56 for the intestinal measurements, the preceding report had an effect size of f = 1.108. Using G*Power 3.1.9.2 [58], we calculated 5 measurements per group to be necessary to achieve a difference in the one-way analysis of variance with α = 0.01 and β = 0.9. In order to correct for uncertainties due to the different species, we doubled the sample size to 10 per group.



For statistical analysis, we used GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). A Gaussian distribution was checked using the D’Agostino–Pearson test aided by visual analysis of QQ-plots. Homoscedasticity was tested using Levene’s test. Correlations were calculated using Pearson’s R for breaking force, body weight, and crown–rump length. The correlation between breaking force and intestinal diameters was assessed using Spearman’s ρ due to missing normality for some intestinal diameters that precluded parametric statistical testing. The breaking force of different parts of the intestine was compared using the Kruskal–Wallis test due to non-normal distribution of the residuals. Post hoc differences were evaluated exploratorily using the Dunn–Bonferroni test in order to account for alpha inflation.




3. Results


We included 10 consecutive swine, 9 males and 1 female, which had a mean body weight of 21.9 kg (standard deviation of 2). They had a mean crown–rump length of 67.3 cm (standard deviation of 3). The breaking force of the porcine intestine (Table 1) was substantially different between the intestinal segments (H(6) = 33.7, p < 0.0001).



Post hoc testing revealed that the ileum had a larger breaking force than the jejunum (∆ = 9.9 N, Z = 3.46, p = 0.0082) and colon (∆ = 12.81 N, Z = 4.6, p < 0.0001) (Figure 2). Likewise, cecal breaking force was larger than colonic breaking force (∆ = 13.27 N, Z = 3.62, p = 0.0044) (Figure 3). The breaking force of the rectum was larger than the jejunum’s (∆ = 9.33 N, Z = 2.96, p = 0.0455) and colon’s breaking force (∆ = 12.24 N, Z = 4.11, p = 0.0006) (Figure 3), whereas differences between the other intestinal segments could not be demonstrated (Figure 3).



Neither body weight nor crown–rump length were correlated to the breaking forces of the intestinal segments (Table 2).



We noticed that the diameters of the intestinal segments were similar in the small intestine (Table 3), whereas they varied in the large intestine: The cecum had the largest diameter, which gradually decreased towards its aboral end (Table 3).



In order to evaluate whether the diameters of the intestinal segments were linked to breaking force, we conducted a correlation analysis using spearman’s ρ, which did not show any associations between breaking force and intestinal diameter, neither for the small nor for the large intestine (Table 4).



We did not detect microstructural alterations in the intestine beyond the damages due to measuring breaking force; neither the small (Figure 4) nor the large intestine (Figure 5) exhibited any changes in standard Hematoxylin-Eosin, Elastica, and Trichrome staining.




4. Discussion


For surgery, biomechanical aspects have long been of importance in the advancement or modification of treatment approaches [1,2,3,4,5]. This has been true to a lesser extent in gastroenterology, which had initially focused on educational models [59,60]. Due to the shift away from surgery to endoscopic interventions in several diseases [6,7,8,9], animal models of endoscopic interventions and treatment were gaining ground [27,61]. As it has been the case before in surgical models, swine were the preferred model organism due to its inherent similarity to the human anatomy and physiology [24,62]. Contrary to surgical procedures [4,53,63,64,65], the biomechanical aspects of interventional procedures were not investigated until this came into focus in the recent years [10,17,18]. We therefore aimed to investigate the breaking forces of porcine intestinal segments. We favored this method, breaking forces instead of burst pressure, because it allows for between-study comparison [14], to assess potential differences between the intestinal segments. In addition, we also tested whether the breaking force could be associated with allometric parameters in order to contribute to experimental standardization.



In liver transplantation research, pigs weighing 30 kg had long been considered to be the ideal model due to surgical feasibility [22]. However, tissue properties of swine aged five months resembled the human situation more closely [23]. Consequently, the biomechanical properties of the bile duct system had been described aiming to gain further insight into training models and potential application in xenotransplantation [66]. These studies emphasize the importance of knowledge in biomechanical tissue properties. They had early been of interest in esophageal atresia, because during its repair, the esophagus has to be frequently anastomosed under tension [2]. Surgically, the biomechanical properties of the intestine were of lesser interest than those of the esophagus, because intestinal anastomoses under tension were rare, but if tension was present, it was a strong predictor for anastomotic stenosis [67].



Differences between the intestinal segments were to be expected in swine, because esophageal segments differed in their ultimate tensile strength [68]. In dogs, the small intestine exhibited smaller breaking forces than the large intestine [57], while substantial variation along the small [69] and large [70] intestine was found, although they were not directly compared. However, there were substantial differences in breaking forces between the different species: In dogs, breaking forces of the small intestinal segments were lower than those of large intestinal segments [57], but we found substantial variation in breaking forces in porcine intestinal segments. We could only assume a difference in breaking forces between the intestinal segments during study planning, but not the direction, i.e., which segments would have lower breaking forces and which would exhibit a larger breaking force. We were thus unable to pre-specify and conduct an a priori power analysis for the comparison of the intestinal segments. Consequently, these were only analyzed exploratorily, whereas the differences between intestinal segments were analyzed confirmatory based on the a priori sample size analysis. We could not assume that porcine biomechanical tissue properties would be similar to human ones described in the literature [71]. Although a certain degree of similarity was described for the infant’s esophagus [2], substantial differences between porcine and human intestinal tissue properties had been described for the sigmoid colon before [72]. These preceding data precluded the assumption that porcine and human intestinal breaking forces would be similar.



In order to develop an artificial training simulator for endoscopy [17] or using an animal model [59,60], it is crucial to have similar tissue properties to substitute the patient and aid in the transferability of the learned procedure to the patient [18]. An important aspect in this case is the resistance to traction forces of the organ used to model the patient; it should have properties similar to the human organ. Using breaking force, we systematically described a small proportion of the tissue properties of fresh porcine intestinal segments and were able to describe relationships between the intestinal segments similar to those described in humans, although using a different method [11]. Our results differed from those in dogs [57], which is relevant as dogs had been and still are relevant animal models of interventions [73,74,75]. The differing results, compared to Christensen et al. [72], might be attributed to the method or the freeze-thawing used in their work. Freeze-thawing has been shown to affect elastin-containing organs in particular [76], which include the sigmoid colon [77].



Modelling the biomechanics of the living organism is crucial for the acceptance of ex vivo simulators [35]. They have been evaluated and thoroughly tested, including a randomized controlled trial, and found to be helpful in gaining experience, training, and even proficiency, irrespective of the level of experience at the start of the training [32,78]. Trainees and even advanced and experienced endoscopists felt that they gained additional experience and proficiency from using ex vivo simulators, especially if they were using them in a structured manner [79]. Similar effects have been demonstrated for different procedures including foreign body removal [79], endoscopic submucosal dissection [32], and peroral endoscopic myectomy [33]. An additional advantage is that even difficult procedures [32,33,79], or parts of them [31], can be trained before they are first used in patient care, and, thus, the early phase of the learning curve can be avoided in the patient [33].



Such benefit, however, requires that ex vivo simulators and the porcine tissue used in them can adequately model the situation in the human patient. Therefore, we also aimed to investigate whether breaking forces would be associated with allometric parameters in order to improve the standardization of animal models. It seemed plausible to assume this, as breaking forces were correlated to body weight in rats [47]. Moreover, it has been shown that the absolute and relative visceral organ weights of swine were dependent on body weights [80]. Although a certain degree of variation is of particular relevance for the reproducibility of results to avoid idiosyncratic lab-dependent effects [81], a certain level of standardization would be preferable, particularly with the use of swine, as experiments using pigs are rather expensive compared to rodents and, thus, their number will inevitably be smaller due to limited funds. However, in our study, breaking force was not related to body weight or crown–rump length, which suggests that the use of these parameters seems to be unsuitable for model standardization.



We did not aim for a complete and detailed description of porcine intestinal segments with respect to their biomechanical details. At first, this would have required an exact assessment of the specimen thickness, because changes in the sample size would affect the measurements and thus result in an incorrect assessment of the mechanical properties of the specimens [82,83]. Consequently, rectangular specimens cut out of the organs had been used regularly, because they allowed for uni- and biaxial tensile testing with parallel measurement of specimen deformation [84,85,86], as, for example, depicted in detail by Sommer and colleagues [87]. For intestinal segments that are investigated as a whole specimen, it is unlikely that the assumption of similar specimen thickness is valid. Salvatierra and colleagues investigated, using full-thickness biopsies obtained during colonoscopy, whether colon diameters or wall thicknesses were different between the different anatomical segments of the colon [88]. Moreover, intestinal wall thickness also varies with age and even substantially in the same patient [82]. Salvatierra and co-workers found that while colonic diameters decreased in aboral direction, which also was the case in our study, colonic wall thickness increased, which affected both the mucosal layer and the muscularis propria [88]. On the contrary, investigations in rats showed that the transverse colon had the highest resistance to uniaxial traction forces [70,89], which also was the case in mice [90]. Based on these results, it has been assumed that the longitudinal stiffness decreases both orally and aborally starting from the transverse colon [91], but this was not the case for porcine sigmoidal colon [72]. Consequently, our results were not that unusual, although the used methods differed.



Due to the results reported by Salvatierra and co-workers [88], we assumed a priori that the intestinal segments would have different diameters and wall thicknesses of the intestinal walls. We did not aim, in our simple measurements, to correct for this parameter, as this would not mimic the clinical situation on which we focused in our measurements. Investigations using breaking forces offer the advantage that the results are comparable between different studies [14]. This is of particular relevance for studies investigating intestinal surgery or their endoscopic counterparts [30], because the surgical procedures, irrespective if conducted openly or laparoscopically, would include stapling of the anastomoses [92]. Although bursting pressure has been used to evaluate staplers [65,93] and anastomoses [57,94,95,96,97,98], this has met criticism [15], because bursting pressures are only comparable within, but not beyond, a single study [14]. Consequently, breaking forces have been the standard to evaluate colorectal surgical stapling [37,38,63,92,99,100] but have also been used to investigate hand-sewn anastomoses [4,101,102]. As stapling is the standard for such colorectal anastomoses, endoscopic interventions that should supplement or even replace surgery in cases of intestinal perforation [30], a comparative assessment of the durability of the anastomoses requires using the same technique to evaluate them. A relevant comparator to anastomotic techniques is the native, surgically untouched, organ, because not including it would limit the internal validity of the study [53]. Our study provides such measurements and thus a potential reference that might be used in sample size calculations, because these measurements are exceedingly rare, exemplified by the fact that we had to use data obtained from investigating dogs [57].



Besides the already mentioned issue of only exploratory investigations in the pairwise-comparison of intestinal segments, our study is also limited by the use of only one pig breed, because only this breed could be supplied in-house. Another limitation is the relatively unequal distribution of sexes despite the use of consecutive swine. Although body weight differences between sexes have been described in terms of agricultural pig fattening, these were limited to swine after they reached sexual maturity [103], which has not occurred in our cohort. Likewise, the issue of non-linear growth in fattening pig breeds, which might distort the results as the predictive value of the allometric parameters, might be even worse due to the non-linear growth. However, this is not a relevant issue in our study, because the pigs were used before the age of seven weeks and thus before the beginning of the non-linear growth [104]. The suitability of landrace breeds instead of minipig breeds has been demonstrated even for complex experiments [105,106], provided they are young enough to avoid the non-linear growth.



Another issue of relevance might be the sample size of our study. Although experimental research might require a smaller sample size than studies involving human subjects, environmental factors might be better controlled and subjects might be more standardized than human participants [107]. Obvious differences, as there are between humans and rats, the latter being rodents instead of omnivores, which results in different macro- and microanatomy due to different modes of feeding [47], are not present between the two omnivores dogs and pigs. However, there are differences in the pH values of intestinal contents, relative lengths, and the relative amounts of intestinal contents between pigs and dogs [108], whose effects on breaking forces of intestinal segments are unknown. Therefore, the sample size calculation that we conducted using the published data from Ogurtan and co-workers [57] might be limited by the transferability between the two species. This limitation might persist despite the correction factor, doubling the calculated sample size, in order to account for the uncertainty associated with data from a different species. For the post hoc tests, we employed the Dunn–Bonferroni test to correct for alpha inflation in order to limit the potential of false-positive results from a statistical point of view. It is puzzling that conducting and reporting a sample size calculation at all is surprisingly uncommon; a recent systematic review found it to have only increased from 5.2% to 7.6% in 2018 [109], despite the methodological drawbacks of not doing so [110]. To have performed a sample size calculation does not, however, support the assumptions that we made, at least some level of transferability from dogs to pigs, but at least provides some support for the reliability of the results, given its assumptions were true, for which there are no data at present.



Taken together, we found substantial differences in the breaking forces of porcine intestinal segments that were not correlated to allometric parameters. Thus, body weight and crown–rump length are not suitable parameters to standardize in vivo or ex vivo models using porcine tissue for full-scale models of interventions. To assess the similarity of biomechanical properties, as a factor of model suitability, our results need to be compared to measurements in whole human intestinal segments to validate porcine models of endoscopic treatments. In addition, it needs to be investigated what the tissue properties of the porcine intestinal segments are in order to fully characterize them and thereby contribute to model refinement. In particular, his will include the relevant aspect of specimen wall thickness to account for their differences along the intestine. However, our results provide a baseline measurement for porcine intestinal breaking forces in the native organ, which is a suitable comparator for assessing anastomotic devices.
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Figure 1. Different intestinal segments within the motorized test stand. (A) Duodenum. (B) Jejunum. (C) Ileum. (D) Cecum. (E) Colon. (F) Rectum. 
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Figure 2. Detailed photographic depiction of the experimental setup. (A) Top-view of the experiment at its starting point. (B) Corresponding lateral view of the experiment. 
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Figure 3. Breaking forces of the different intestinal segments. Individual measurements and median with its 95% confidence intervals are provided to allow interpretation of the Kruskal–Wallis and the subsequent Dunn–Bonferroni-tests. N = 10 for each group. Colors were chosen from the viridis scales in order to be colorblind-friendly. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. No microstructural alteration beyond the obvious tissue destruction due to measuring breaking force in the duodenum, representative of the small intestine. (A) Hematoxylin-Eosin staining of the disrupted tissue at 1.25× magnification. (B) Hematoxylin-Eosin staining of the disrupted tissue at 40× magnification. (C) Hematoxylin-Esoin staining 2 cm aboral to the site of tissue disruption at 1.25× magnification. (D) Hematoxylin-Eosin staining 2 cm aboral to the site of tissue disruption at 40× magnification. (E) Elastica-van Gieson staining at the site of tissue disruption at 2.5× magnification. (F) Elastica-van Gieson staining 2 cm aboral to the site of tissue disruption at 2.5× magnification. (G) Masson’s trichrome staining at the site of tissue disruption at 2.5× magnification. (H) Masson’s trichrome staining 2 cm aboral to the site of tissue disruption at 2.5× magnification. 
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Figure 5. No microstructural alteration beyond the obvious tissue destruction due to measuring breaking force in the cecum, representative of the large intestine. (A) Hematoxylin-Eosin staining of the disrupted tissue at 1.25× magnification. (B) Hematoxylin-Eosin staining of the disrupted tissue at 40× magnification. (C) Hematoxylin-Esoin staining 2 cm oral to the site of tissue disruption at 1.25× magnification. (D) Hematoxylin-Eosin staining 2 cm oral to the site of tissue disruption at 40× magnification. (E) Elastica-van Gieson staining at the site of tissue disruption at 2.5× magnification. (F) Elastica-van Gieson staining 2 cm oral to the site of tissue disruption at 2.5× magnification. (G) Masson’s trichrome staining at the site of tissue disruption at 2.5× magnification. (H) Masson’s trichrome staining 2 cm oral to the site of tissue disruption at 2.5× magnification. 
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Table 1. Breaking forces of the porcine intestinal segments in Newton. As the data were normally distributed and had equal variances, mean and standard deviation are provided. n = 10 for each group.
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	Duodenum
	Jejunum
	Ileum
	Cecum
	Colon
	Rectum





	Mean breaking force [N]
	16.35
	14.24
	24.14
	24.6
	11.33
	23.57



	Standard deviation [N]
	3.05
	5.18
	4.45
	11.34
	3.31
	6.39










 





Table 2. Pearson’s correlation coefficients for body weight and crown–rump length and breaking force of the porcine intestinal segments.
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	Duodenum
	Jejunum
	Ileum
	Cecum
	Colon
	Rectum





	Body weight [R] (95% CI)
	0.34 (−0.37–0.8)
	0.35 (−0.36–0.8)
	0.23 (−0.28–0.83)
	0.32 (−0.38–0.79)
	−0.17 (−0.73–0.51)
	0.3 (−0.41–0.78)



	p
	0.331
	0.317
	0.422
	0.361
	0.626
	0.398



	Crown–rump length [R] (95% CI)
	−0.16 (−0.72–0.53)
	−0.4 (−0.82–0.3)
	0.49 (−0.2–0.86)
	−0.08 (−0.68–0.58)
	0.2 (−0.49–0.74)
	0.16 (−0.53–0.72)



	p
	0.665
	0.246
	0.148
	0.823
	0.571
	0.669







CI = confidence interval.













 





Table 3. Intestinal diameters of the intestinal segments measured horizontally and vertically.
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	Duodenum
	Jejunum
	Ileum
	Cecum
	Colon
	Rectum





	Horizontal diameter [cm]
	1
	1.1
	1.09
	3.45
	2.09
	1.34



	Standard deviation [cm]
	0.22
	0.17
	0.2
	0.83
	0.19
	0.55



	Vertical diameter [cm]
	0.95
	0.93
	1.04
	3.59
	2.48
	1.31



	Standard deviation [cm]
	0.2
	0.12
	0.42
	0.52
	0.69
	0.3










 





Table 4. Spearman’s correl