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Abstract

The aim of this study was to examine the mechaiiebhvior of the colon using tensile tests

under different loading speeds.

Specimens were taken from different locations of ttolonic frame from refrigerated
cadavers. The specimens were submitted to unitenalle tests after preconditioning using a

dynamic load (1 m/s), intermediate load (10 cnday quasi-static load (1 cm/s).

A total of 336 specimens taken from 28 colons wested. The stress-strain analysis for
longitudinal specimens indicated a Young's modubfis3.17 + 2.05 MPa under dynamic
loading (1 m/s), 1.74 + 1.15 MPa under intermedi@&eling (10 cm/s), and 1.76 + 1.21 MPa
under quasi-static loading (1 cm/s) with p<0.00dr. the circumferential specimen, the stress-
strain curves indicated a Young’'s modulus of 3.133IMPa under dynamic loading (1 m/s),
2.14 £ 1.3 MPa under intermediate loading (10 cnafsyl 0.63 = 1.25 MPa under quasi-static
loading (1 cm/s) with p<0.001. The curves reveab types of behaviors of the colon: fast
break behavior at high speed traction (1 m/s) almvar break behavior for lower speeds (10
cm/s and 1 cm/s). The circumferential orientatiequired greater levels of stress and strain to
obtain lesions than the longitudinal orientatiomeTpresence ofaeniae coli changed the

mechanical response during low-speed loading.

Colonic mechanical behavior varies with loading exfse with two different types of
mechanical behavior: more fragile behavior underatlyic load and more elastic behavior for

guasi-static load.
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M echanical effects of load speed on the human colon

1. Introduction

Knowledge about the mechanical properties of tigestive tract is essential, and
understanding of physiological phenomena can baimdd through quasi-static tests
(Egorov, Schastlivtsev, Prut, Baranov, & Turuso®02). Traumatic phenomena can be
investigated with dynamic tests (Crandall et 801 P). Quasi-static tests can also be used
to install materials that allow digestive suturesorgical simulation. Realistic modeling
of soft tissue biomechanics and mechanical intemastbetween tissues has been shown
to be very suitable for simulating soft tissue bemimanics and has been successfully used
in a number of image-guidance systems (Johnsdn 2045).

The colon is an anisotropic viscoelastic materiahd its experimental
biomechanical characterization has been limited payed to other abdominal organs
(Higa et al., 2007; Carter, Frank, Davies, McLe&nCuschieri, 2001; Egorov et al.,
2002; Watters et al., 1985; Kauer, Vuskovic, Digdekely, & Bajka, 2002; Yamada,
1970; Fung, 1993; Rubod et al., 2012). The morgiotef the colon varies depending on
the location. For example, there is a large diameate thin wall in the ascending colon,
but it gradually tapers to a small diameter andkthwall for the sigmoid colon. Like
small intestine, the colonic wall is mechanicallyided into two layers (from inner to
outer): the mucosa, submucosa, inner circular masdayer, and the outer layer with
outer longitudinal muscular layers and serosa (Bouin et al., 2012; Massalou et al.,
2016).

Only a few tensile tests have been performed omamutissue. For example,
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Egorov performed such tests under quasi-static IEggbrov et al., 2002), Howes
performed high-rate equibiaxial elongation testewds & Hardy, 2012), and our team
carried out dynamic tensile tests at 1 m/s (Massa&al., 2016). Dynamic tests are
characterized by loading speeds in the order of mifereas tests are considered static
when they are on the order of cm/s or mm/s (RoBemwn, De, Sinanan, & Hannaford,
2008; Rubod et al., 2012; Egorov et al., 2002). $todies have been published
concerning the mechanical variability of the huntaon subjected to various speeds
under uniaxial stress. Our main objective is tedaine the mechanical variability of the
human colon when subjected to various speeds dixiahi stress by observing its

behavior until complete rupture.

2. Methods

2.1. Origin of the tissue

The tested colonic specimens were samples obt&iosd28 human subjects (17
females and 11 males, mean age: 85,2 years) stor&8lC with an average retention
period of 22 days. The removed colon was immediatested. The use of cadaveric
human tissue was part of a protocol approved byeth&es committee of the Medical
school of Nice concerning the donation of bodiesdeence. The study included only
adult subjects whose colon showed no signs of paglgdcancer or inflammation). The
presence of diverticula was not a reason for eimtu®f samples given the high
prevalence in the adult human population. Howevee, colonic specimens did not

contain colonic diverticula.
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2.2. Tissue sampling

The specimens were colon segments taken from ntimesenteric border after
performing a longitudinal opening by following astlardized format using a rectangular
punch. Gaur et al. (Gaur et al. 2016) noted thastneaperimental studies on tensile
testing of soft tissues have used aspect ratio de¥twl.3—-2 to ensure a shear free
deformation and rupture of tissue within the galegggth of the specimen. Hence we
chose an aspect ratio of 1.6, with a width of 25amd a gauge length of 40 mm. The

gripper length being 30mm, the total length of¢becimen was 100mm.

In longitudinal direction, for each anatomical sdtj 2 specimens (one witheniae coli
and one withouttaeniae coll were taken from four colonic segments (ascending,
transverse, descending, and sigmoid colon). Theirmeas withtaeniae coliwere made
parallel to the axis of the strip and included #tep. In circumferential direction, for
each anatomical subject, only 1 specimen was téien each colonic segment. The
specimens were made perpendicular to the axiseofmiliscle strip with the strip situated
in the middle of the specimen. Therefore, the nunolbéongitudinal specimens is double
of circumferential specimen due to the presencdaock of taeniae coli The full
description of the specimen preparation protoca baen described in one of our

previous articles (Massalou et al., 2016).

2.3.Number of specimens
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Specimens were taken from a total of 28 differenomws, including 17 from females
and 11 from males. The average age was 85.2 +yd#aBs, and the bodies had been
conserved for an average of 22.2 + 10.1 days. & tit336 specimens were subjected to
tensile tests after preconditioning (Table 1). Téss were conducted with the following
conditions:

- 80 longitudinal and 40 circumferential specimendarmuasi-static load (1 cm/s),

- 64 longitudinal and 32 circumferential specimenslarnintermediate load (10

cm/s),

- 80 longitudinal and 40 circumferential specimendardynamic load (1 m/s).

2.4. Tensile tests

The initial length (k) of all the specimens was 40 mm, both longitudiaad
circumferential. The experimental characterizatafinthe mechanical behavior of the
colon was done using uniaxial tensile tests ungieanhic load (1 m/s), intermediate load
(10 cm/s), or static load (1 cm/s). The test wasop@ed using a hydraulic test system
(MTS 370.10, Landmark®, USA) under controlled dis@ment. The sample was first
hung in the top gripper, and then was clampederbthttom gripper. It is well known that
the determination of the initial state of straintloé soft tissues is very difficult in tensile
tests. As previous studies (Gaur et al., 2016) hase to define the point of zero stress-

strain with an arbitrary force value (2N).

Because the colon is viscoelastic, a pre-conditgptest phase of the specimen was

applied with test parameters chosen to avoid tleairoence of lesions. Ten sinusoidal
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preconditioning cycles were carried out with an bimge of 6 mm and a speed of 0.5
m/s, as described in a previous study on the dSmtaektine (Bourgouin et al., 2012). The
preconditioning phase was immediately followed hgrssile load of 1 m/s, 10 cm/s, or 1

cm/s up to a distance of 10 cm.

2.5. Data acquisition and post-processing of result

The engineering strain was calculated from the initial lengtly {fixed to 40 mm)

and the final gauge length L (gripper to grippeais), using the following equation:
71 (%) = [(L- Lo)/Lg]*100.

The engineering stressliwas calculated from the initial cross-sectionabasgand the

load measured by the load cell F, using the follmxequation:
[ (MPa) = force (N) / §(mnT).

The thickness of the specimen was based on literalata (Sandek et al, 2014): 1.2mm

for ascending, 1.2mm for transverse, 1.4mm for eleding and 1.5 mm for sigmoid.

From strain-stress curves, stress and strain &t p@nt and ultimate tensile strain and
stress were noted. Ultimate strain is the straloevat the point of maximum stress. The
elastic modulus was calculated as the slope ofeaficurve fit to the stress—strain region
extending from the end of the toe-in region toytiedd point, as explained in Gallagher et

al. (Gallagher et al. 2012).

Statistical analyses were performed using Stasistaftware for Windows. The normality



condition of the variables was rejected by the 8bapst (p-value <1%), so we used the
nonparametric Kruskal-Wallis test to test whethes independent samples come from
the same population. The results were considegdistitally significant in cases of p <

0.05.
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3. Results

For each speed loading (1cm/s, 10cm/s and 1m/s) eauh sample orientation
(longitudinal and circumferential), the typical pemses stress-strain are presented in

figure 1, and the values of the mechanical paramet® presented in table 2.

3.1. Influence of speed loading: 1cm/s versus 18a@¥sus 1m/s

The mechanical response of the colon dependseosped loading. Figures 1 and
2 reveals two types of behavior of the colon acomgydo the loading speed: few
differences were noted in the response betweersttitee and the intermediate speed
loads whereas a dynamic tensile load modified 8febior increasing the stiffness of the

samples.

The statistical differences of mechanical paramnsetertween the 3 test velocities are

presented in tables 2, 3 and 4.

The Young modulus and the stress at the seconelxiofi were statistically correlated

with the speed load for both longitudinal and amnéerential samples.

The influence of the speed on the strain was oksefor the longitudinal samples

whereas no significant difference was observedhercircumferential samples.

3.2. Mechanical behavior as a function of the load

3.2.1. Mechanical behavior as a function of thelledongitudinal specimen
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The mechanical response differed according to peed of the load. There was a
significant statistical difference in the moduldsables 2, 3 and 5). Stress-strain curves
indicated a Young's modulus of 3.17 £ 2.05 MPahie first quasi-linear phase for each
loading speed under dynamic loading (1 m/s), 1.74.35 MPa under intermediate
loading (10 cm/s), and 1.76 £+ 1.21 MPa under gsggie loading (1 cm/s) with p<0.001
(figure 2.A). The curves reveal two types of bebawf the colon according to the
loading speed: fast break behavior at high-spestidn (dynamic protocol at 1 m/s) and
a different type of behavior for lower speeds (imediate protocols at 10 cm/s and
quasi-static at 1 cm/s). Changes in loading spesdlted in different profile curves of the
colon, changed the Young’'s modulus but did not myottie stress necessary for the first

point of rupture.

3.2.2. Mechanical behavior as a function of thelleaircumferential specimen

The mechanical response differed according to peed of the load. There was a
significant statistical difference in the Young'©dulus (Tables 3, 4 and 6). The stress-
strain curves indicated a Young's modulus of 3.15.#3 MPa in the first quasi-linear
phase for each loading speed under dynamic loadingy/s), 2.14 =+ 1.3 MPa under
intermediate loading (10 cm/s), and 0.63 + 1.25 MRder quasi-static loading (1 cm/s)
with p<0.001 (figure 2.B). Dynamic loading resultsmore fragile mechanical behavior

than slower loads.

3.3. Mechanical behavior as a function of theniae coli- longitudinal specimen
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For longitudinal specimens, we performed tests witlwithout thetaeniae coli
for the three different speed loadings. The medanesponse with or withotsaeniae
coli differed depending on the speed of the load: thexe no effect for dynamic load,
but thetaeniae colimodified the mechanical behavior of the specinfensower-speed
load (Table 5, figure 3).

For an intermediate speed, the taeniae leads tmréficant increase of the
modulus and a decrease of the strain at firstxidte For a static speed, the taeniae leads
to a significant decrease of the strain and s@eéisst inflexion and an increase of strain

at second inflexion.

3.4. Mechanical behavior as a function of location
The mechanical response differs slightly dependingthe colonic segment location:
ascending, transverse, descending or sigmoid c@aty. Young’s modulus and stress at
1% point of inflexion are modified by the location tie specimens for some speed
solicitation:
for longitudinal and dynamical solicitation (1m/¥)oung’s modulus p=0.03 and
stress at L point of inflexion p=0.08 ;
for circumferential and intermediate solicitatiobO¢m/s): Young's modulus is
p=0.06 and stress at' point of inflexion p=0.04 :
for circumferential and static solicitation (1cm/$pung’s modulus is p=0.06 and

stress at L point of inflexion p=0.01.
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4. Discussion
This study on the human colon completes the eangk of Yamada (Yamada,

1970), Fung (Fung, 1993), Egorov et al. (Egorovakt 2002), and our laboratory
(Massalou et al.,, 2016). From a mechanical poinviefv, the colon is composed of
viscoelastic tissue and described as contractid amsotropic (Rubod et al., 2012;
Egorov et al., 2002; Fung, 1993). Knowledge of plassive properties of the colon is
crucial for understanding colonic functioning (FuntP91). Gregersen and Kassab
(Gregersen & Kassab, 1996) demonstrated a bettlerctien of passive mechanical
behavior with circular segments of a hollow orgather than uniaxial tensile samples.
However, the digestive tract is an anisotropic maltg Rubod et al., 2012; Yamada,
1970; Fan, Gregersen, & Kassab, 2004; Gao & Gregerd000; Liao, Zhao, Fan, &
Gregersen, 2004), and the use of longitudinal sasnpdllows a more precise

characterization of the longitudinal fibers (Gad=¢egersen, 2000).

The objective of this study was to describe tHéedinces in mechanical behavior
of refrigerated human colon subjected to differeates of uniaxial tensile stress. The
colon behaved as a viscoelastic material with cefie mechanical responses that depend
on the speed of loading. The dynamic solicitatieads to lower rupture strain. The
typical curves in the quasi-static and intermediatgs are very similar to the curves
published by Egorov et al. (Egorov et al., 2002)irty transverse tests of static traction
on transverse colon samples. They demonstrated dification of the colonic
mechanical response lgeniae coli(longitudinal muscle strips of the colon). Under

static and intermediate stress, our study also siavmechanical impact of tieeniae

10
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coli. However, in dynamic traction, we did not obseareeffect oftaeniae coli even
though the levels of deformation seem identicalvkeen the study by Egorov et al. and

ours. We did not study the impacttaEéniae coliseparately.

Other anisotropic and viscoelastic materials appeéehave in the same way. For
striated muscular fibers, an increase of the spéatress decreases the force necessary
for rupture in both static and dynamic situatioR®l§erts, 2016; Rosario, Sutton, Patek,
& Sawicki, 2016). As in our study, there is fragidlehavior under dynamic stress, while
for slower stresses, the results are then supesaip® and more elastic. Many structures
within the muscles intervene in this reaction: agfosin bypasses, actin and myosin
filaments, titin, and the scaffolding of the contie tissue of the extracellular matrix
(Fallgvist & Kroon, 2013; Fallgvist, Kulachenko, roon, 2014; Kroon, 2011; Roberts,
2016). Collagen is likely the main determinant foe intestinal wall stiffness since
collagen in most tissues is the stress-bearingtstrel (Y.-C. Fung, 1993). It was found
that the collagen distribution was axial prefermedhoth layers and the mucosa contained
more collagen. The collagen distributes more axifdl both the muscle and mucosal
layers; the collagen content is higher for the nsacthan for the muscl@he load-
bearing collagen content increases and the colldipens rotate towards to the axial
direction with the increase of the axial strefeh. Yang, Fung, Chian, & Chong, 2006).
This collagen axial-orientation could explain theed for more stress for longitudinal
tensile tests to obtain similar damages than cifetential tensile tests. The predominant
collagen content in the mucosa could also explagnmore visco-elastic behavior of the

internal layer of the colon.

The anisotropic material of the colon has différexechanical properties between

11



10

11

12

13

14

15

16

17

18

19

20

21

longitudinal and circumferential uniaxial stresst$e(Massalou et al., 2016; Merlo &
Cohen, 1988). Howes and Hardy (Howes & Hardy, 2@G12) highlighted this property

in uniaxial and bi-axial dynamic tests. We confidrthis property for dynamic speeds as
well as slower loads. Indeed, the mechanical respoof the colon subjected to
circumferential traction is more elastic, requirihggher levels of stress and strain to

obtain lesions in the specimens.

Other factors may also modify the experimentaliitesvith respect to the behavior

of the colon in vivo:

Active properties of muscle cells responsible floe propulsion of the digestive

contents (Kroon, 2010)

Modification of digestive tonicity: intestinal meahoreceptors are sensitive to the
stress stimulus and a linear association betwessstrelaxation and afferent

discharge adaptation has been found (Liao et@L2p

Modification of the composition of the inter or riatellular fluid: the presence of
certain neuropeptides or the concentration of galcwill modify the recorded
mechanical response (La et al., 2005; Merlo & Coli®88; Middleton, Cuthbert,

Shorthouse, & Hunter, 1993; Washabau & Sammarce6)19

Pathological phenomena: inflammatory bowel diseasethe deletion of certain
genes can lead to a modification of the mechatiebbvior of the colon (Onori et

al., 2005; Sung, La, Kang, Kim, & Yang, 2015; J.ngaZhao, Nakaguchi, &

12
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Gregersen, 2009).

It is therefore difficult to determine the mechaatibehavior of the human colon in
a physiological situation, as well as in our teStse completion of bi-axial tests would
describe the behavior of the colon more completgiyce the tissue has a muscular layer,
the synchronous realization of contraction testsild@lso approach the behavior of the
human colon in vivo (Murtada, Humphrey, & Holzapf2017). This experimental study
has made it possible to obtain reference valuegh®icolon when subjected to different
stresses. These values could be used for finitmezle models of virtual trauma and
quasi-static simulation, as in the case of surg&aiulation or the improvement of

colonic stent deployments.

5. Conclusion

Tensile tests were performed on human colic sasnglelcm/s, 10cm/s and 1m/s.
There is variability in the mechanical behaviortioé colon as a function of the loading
speed. The colonic tissue behaves in the same wnagr static and intermediate stress,
and then its behavior becomes more fragile undeaiyc stress. In the case of quasi-
static stresgaeniae colimodify the mechanical response of the colon. Régss of the
loading speed, the circumferential stress requnigher levels of stress and strain to
obtain lesions. This study could be useful to imprthe biofidelity of colon numerical

models.
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Figure 2: stress-strain curves for the 3 protocols under longitudinal and
circumferential solicitation.

L: longitudinal and C: circumferential

S: static (1 cm/s) ; I: intermediate (10 cm/s) ; D: dynamic (1 m/s)

The standard deviations are represented on these curves for the

rupture points during the tensile tests.
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Figure 3: stress-strain curves with or without taeniae coli for uniaxial test

A. 1cm/s. LS: longitudinal static

B. 10cm/s. LI: longitudinal intermediate

C. 1m/s. LD: longitudinal dynamic

The standard deviations are represented on these curves for the breaking

points during the tensile tests.




Nb of

subject Genre Nb longitudinal specimens Nb circumferential specimens lcm/s 10cm/s im/s
6 F 48 24 - - 72
6 F 48 24 36 36 -
5 F 40 20 40 20 -
4 M 32 16 - - 48
2 M 16 8 24 - -
5 M 40 20 20 40 -
28 17F/11M 224 112 120 96 120

Table 1: specimens included in this study. F: female ; M: male.
The number of longitudinal specimens is twice than the circumferential specimens because the longitudinal specimens are taken with and without taeniae coli.




lcm/s 10cm/s 1m/s
Longitudinal | Circumferential | Longitudinal | Circumferential | Longitudinal | Circumferential
?I"\Aog;‘)'us oftheelasticphase | 4 76,121 | 063125 | 1.74+1.15| 21413 | 317+205| 3.15+1.73
Strain at 1st inflexion (%) 40.45 +25.49 61.31+21.96 |36.72+19.84 64.63 +£24.23 |27.61 + 14.44 56.06 + 15.04
Stressat 1t inflexion (MPa) | 0.36 £0.21 0.64+038 | 0.35+0.21| 0.76+0.38 0.42+0.29| 0.93+0.52
Strain at 2™ inflexion (%) 78.75+45.15 81.24 +37.54 |87.76 +51.6380.76 + 33.43 |55.41 +31.6¢ 68.6+21.72
Stressat 2™ inflexion (MPa) | 0.46 +0.22 0.7 £0.35 0.48+0.22| 0.84+0.39 0.7+0.34 1.02+0.5

Table 2 : mechanical parameters values for longialdind circumferential samples at different logdspeed




p-value
Longitudinal Circumferential
1cm/svs 10cm/svs 1m/s 1cm/svs 10cm/svs 1m/s
Modulus of the elastic phase (M Pa) <0.001 <0.001
Strain at 1st inflexion (%) <0.001 0.45
Stressat 1t inflexion (M Pa) 031 0.005
Strain at 2™ inflexion (%) <0.001 0.18
Stressat 2™ inflexion (M Pa) <0.001 0.001

Table 3. datistical analysis of the speed influence on the mechanical behavior for both
longitudinal and circumferential samples. Bold p-values are statistically significant



p-value

Longitudinal versus circumferential

lcm/s 10 cm/s 1m/s

M odulus of the elastic phase (M Pa) 0.93 01 0.88
Strain at 1st inflexion (%) <0.001 <0.001 <0.001
Stressat 1st inflexion (M Pa) <0.001 <0.001 <0.001
Strain at 2™ inflexion (%) 0.35 0.74 <0.001
Stressat 2™ inflexion (M Pa) <0.001 <0.001 <0.001

Table 4: statistical analysis of the sample orientation influence on the mechanical behavior at
different loading speed. Bold p-values are statistically significant



Longitudinal

1cm/s 10 cm/s 1m/s

Taeniae No taeniae Taeniae No taeniae Taeniae No taeniae
M odulus of the elastic phase 1,93+1,21 | 1,60 +1,20 2,01 +#1,15 1,46 £1,09 3,41 +2.3 2,92 +1,75
M Pa
(Strairz at 1st inflexion (%) 35,40 +28,75| 45,38 £21,06 28,09 £12,94| 45,62 +21,88 26,59 +15,10 | 28,65 +13,86
Stressat 1st inflexion (M Pa) 0,31 0,13 | 0,42 +0,25 0,31 +0,18 0,39 +0,23 0,40 +0,30 0,43 +0,28
Strain at 2™ inflexion (%) 91,71 +52,85| 66,10 £31,99 91,96 +62,09| 83,43 +38,56| 54,30 +35,67 | 56,56 27,37
Stress at 2™ inflexion (MPa) 0,44 0,39 | 0,48 0,25 0,46 0,21 0,50 +0,22 0,68 +0,20 0,72 0,28

Table 5: mechanical parameters values for longimaidsamples with and without taeniae coli at déferoading speed



Modulus of the elastic phase (M Pa)
Strain at 1st inflexion (%)
Stressat 1t inflexion (M Pa)
Strain at 2™ inflexion (%)
Stressat 2™ inflexion (M Pa)

LS LD

. LI .
Taeniae . Taeniae
Taeniaeversus
VEr sus no ) VEr sus no

) no taeniae )
taeniae taeniae
0.07 0.02 0.26

< 0.001 <0.001 0.19
0.04 0.21 0.75
0.04 0.95 0.78
0.78 0.5 0.14

Table 6: statistical analysis of the taeniae coli influence on the mechanical behavior for the
longitudinal specimen at different speed loading. Bold p-values are statistically significant





