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ABSTRACT

This paper reports on the results of modeling the human colon and analyzes its effectiveness as a finite element analysis (FEA) tool for
testing conventional and robotic colonoscope technologies. FEA has been used to model colon tissue before, but these analyses have been
carried out on smaller tissue samples, such as to fit strain energy functions to mechanical testing data or to explore the inflation-extension
response of a section of the colon. The full colon has not yet been modeled in this way, and this study aims to show the usefulness of such
a tool for testing endoscopic devices for diagnostic and therapeutic purposes in the colon. Data from the literature and databases have been
used to approximate the stress response of the tissues, and a critical analysis of the limitations of the approximations has been carried out.
Characteristic colonoscope loops were created to analyze the mechanical response of the colon and provide comparable results to conventional
colonoscopy. The results showed how stress would be propagated along the length of the colon and how neighboring structures can affect
the stresses and strains experienced by the colon wall, demonstrating the need for and capabilities of a full FEA model of the colon to test
endoscopic devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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I. INTRODUCTION

Worldwide, colorectal cancer (CRC), a group term for can-
cers of the colon, rectum, or anus, is the third highest cancer
type for incidence (10.2%) and the second highest type for mor-
tality (9.2%)." A 2020 study showed that there were an estimated
1.9 x 10° instances of CRC, resulting in 0.9 x 10° deaths world-
wide.” The study also uses current trends to predict that béy
2040, the global CRC incidence rate will have risen to 3.2 x 10°.
Other diseases affecting the colon include diverticulitis, irritable
bowel syndrome (IBS), Crohn’s disease/ulcerative colitis (inflam-
matory bowel diseases), clostridium difficile infection (C-diff), and
hemorrhoids.’

Colonoscopy is a technique that is used in the diagnosis of all of
these diseases, and as of 2015, it was the leading method for evaluat-
ing positive CRC results. This procedure also allows practitioners to
remove bowel polyps, thereby being able to treat and reduce the risk
of CRC.* During a colonoscopy, a gastroenterologist will insert an
endoscope (a colonoscope for this practice) into a patient’s colon via

the anus. The colonoscope is equipped with fiber optics, allowing for
a light source and camera to view the inside of the patient’s colon.

Some factors that may impede the screening of colonoscopy
were identified in an academic review from 2020, including exces-
sive costs, lack of validated competency assessment tools during
training, patient’s views on the procedure, and their preference for
non-invasive options such as computed tomography (CT) scans.’

While flexible colonoscopy is the gold standard method for
CRC screening, robotic technologies have been in development
since the 1990s, with inchworm-like devices.”” Wireless capsule
endoscopic devices have been designed to capture images from the
small intestine (due to a lack of ability for this with conventional
colonoscopes).”

Current testing methods for new endoscopic devices include
polystyrene test beds containing ex vivo colon tissue®’ and in vivo
pig models”” where the device is tested in an anesthetized pig that
is killed post-examination to check for damage to the colon and for
clinical trials to test feasibility in human volunteers.” A computa-
tional model with which to test new devices digitally could create an
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environment with conditions closer to an in-vivo human colon than
polystyrene test beds and negate the need for animal testing.

Thus, with the increased development of robotic colonoscopes,
there is a need for a computational model of the colon to simulate
the stress that novel devices exert on the colon wall, and while colon
wall tissue has been modeled numerically and computationally in
the past,’’"* there is still no full model of the large intestine that
can be used for this kind of analysis. This report begins to investi-
gate the capabilities of such a model, such as calculating the stress
experienced along the colon from a stimulus at one point, and the
limitations to overcome to create a valid working simulation, such
as material models, neighboring structures, and points of support at
the colon walls.

Il. METHODS
A. Geometry

Images from a CT colonography scan (from the Cancer Imag-
ing Archives) were used to segment the geometry of the colon lumen
in the open-source software ITK-Snap (Fig. 1). Using this shape,
simplified geometry was created (Fig. 2) by extruding concentric
rings into cylinder approximations. The lumen diameter was used to
estimate the wall thicknesses throughout the colon, based on a study
exploring the relationship between lumen diameter and wall thick-
ness across 100 human subjects'” (see Table I). This was done due to
the thickness of the wall affecting local stress/strain responses in the
wall, with thicker-walled areas such as the sigmoid colon being less
compliant than thinner-walled areas such as the ascending colon.

Using this simplification, the haustra, folds, and tenia coli were
omitted from the model. The ileocecal valve and anal sphincter were
modeled as small circular openings, with locations based on the
CT colonography and fixed constraints applied. Fixed constraints
were applied to the hepatic and splenic flexures (as these sections
are much more fixed than others'®), and elastic constraints were
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FIG. 2. Full simplified geometry of the colon, with different sections represented by
different colors.

applied to simulate the interactions with the mesocolon and rectal
muscles.

B. Materials

Physical properties were approximated to relieve the computa-
tional burden, but at the cost of accuracy. Values for the colon wall
were estimated using a mechanical study report,'” using the elas-
tic modulus, yield strength, and ultimate tensile strength (UTS) to
approximate a linear, isotropic response to relieve the computational
burden. Due to the anisotropic nature of the colon wall, longitu-
dinal and circumferential elastic responses were different,'” so the
value for Young’s modulus for each area was the mean average of
the two, and the values for yield strength and UTS were chosen to be
the lower of each directional response, so as not to predict failure at
higher stress than measured experimentally.

Previous studies have modeled the biphasic response,'”'* mul-
tilayer composition,'”'" and non-linear hyperelasticity;'” " how-
ever, these were all either mathematical models or computational
models on a much smaller sample of tissue. As the whole colon has
been modeled in this study, modeling these properties would take
a large amount of time and computational resources. Limitations
arising from this will be discussed in Sec. I'V C.

1

TABLE I. List of the geometrical properties of the simplified model for each section.

Location Lumen @ (mm) Wall thickness (mm)
Cecum 80 x 60 2
Ascending 60 2
Transverse 40 2.5
Descending 35 3

FIG. 1. Segmented geometry of the colon, completed using the CT colonography Sigmoid 30 4

scan in ITK-Snap. Rectum 30 4
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TABLE II. Material properties of the different sections of the colon based on results
from the literature.!”

Ultimate
Section Young’s Yield tensile strength
material modulus (MPa)  strength (MPa) (MPa)
Ascending 4.24 0.53 0.71
Transverse 3.18 0.3 0.77
Descending 2.5 0.35 0.6
Sigmoid 2.66 0.4 0.72

The properties of the materials created for the colon wall are
given in Table II. The cecum used the ascending wall properties, and
the rectum used the sigmoid wall properties. Surrounding structures
were modeled as simple elastic constraints,'”* as they were still
relevant but less important to measure for this project—the colon
wall/device interaction was the desired response.

C. Meshing

An n-loop scenario was created with a colonoscope contact
model in the sigmoid area of the colon model. The distal end of
the “scope” was fixed, and the proximal end was displaced 4 cm
down the axis of the colon. This allowed mesh independence to be
measured with relevant metrics of stress and displacement.

The mesh size began at an element size of 7 mm and was ini-
tially decreased in increments of 1 mm, then 0.1 mm when this
increment became too high.

D. Material validation

A mechanical testing study’' was used to validate the materials
created for the colon wall. Three orientations of the colon tip were
modeled: a 0° bend (I), a 90° bend (L), and a 180° bend (U). The
colonoscope modeled was the EVIS EXCERA CF-HQ1901/L.*

The tip models were displaced into a circle of tissue—96 mm
in diameter, with an unconstrained central 70 mm diameter area—
at small time increments until the UTS'” was observed. With three
orientations and four materials, 12 permutations of results were cre-
ated. The force and displacement experienced by the tip model were
recorded for validation.

E. Full model demonstration

The three orientations of the scope tip were each used in the
ascending, transverse, descending, and sigmoid areas of the model.
Due to the different geometry from the material validation tests,
it was hypothesized that a greater force would be experienced by
the scope tip, as there is more area of the colon to distribute stress
across before the material fails. The displacement was also expected
to be higher at the UTS point of the material due to the increased
area.

lll. RESULTS
A. Mesh convergence

The metric used when determining convergence was the prin-
cipal stress at the wall at the mean average value and 95th percentile

ARTICLE pubs.aip.org/aip/adv

Mesh Independence Study
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FIG. 3. Mesh convergence via principal stress at the 95th percentile (left axis) and
mean average (right axis) values.

(Fig. 3) to disregard outlying values. Twelve element sizes were used
from 7 to 1.4 mm.

Below 2 mm, mesh densities were localized to the area of inter-
est, and the node count used to display results was scaled according
to the mesh size at the interaction point. The element size at the wall
was 1 mm to allow for multiple elements across the width of the wall.

1.5 mm was chosen as the final element size, with the size
increasing by 0.5 mm at each section away from the section of inter-
est, up to a maximum of 3 mm. Between 2.1 and 1.5 mm, the stress
only changed by 0.33% (mean)/0.38% (P95), with no higher than a
1.3% difference between steps.

B. Material validation results

The summarized results from the material validation tests
are presented in Table III. All materials failed at lower force and
displacement levels than the porcine descending colon from the
physical tests;’! however, the force/displacement response exhibited
a close relationship to the physical response curves at the values
recorded.

The tissue failed at the lowest force/displacement during the
L-orientation testing and at the highest force/displacement dur-
ing the U-orientation testing. This differs from the physical test
results, where the L-orientation testing saw the highest force at
perforation.”!

C. Full model results

The summarized results from the tests on the full model can
be seen in Table II1. In all four sections, the I-orientation sub-steps
converged beyond the UTS of the material and provided a valid set of
results. For the L- and U- orientation tests at the ascending colon, the
sub-steps of the analysis did not converge beyond the UTS, meaning
that the results for the UTS were extrapolated.

The force applied to one point in the full model induced stresses
throughout the section of the colon, not just localized to the point
of contact. This can be seen in Fig. 4, where the stress is propa-
gated along the length of the transverse colon. While there are stress
concentrations due to harsh constraints on the model, these stresses

AIP Advances 14, 025244 (2024); doi: 10.1063/5.0179544
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TABLE IIl. Results from the material validation and full model tests. Boldface denotes the average values for each
‘colonoscope tip’ orientation.

Material validation Full model test
Colonoscope tip Force at Maximum Force at Maximum
orientation Location UTS (N) displacement (mm) UTS (N) displacement (mm)
I Ascending 10.0 9.60 8.61 9.50
Transverse 12.8 12.2 20.7 10.9
Descending 9.94 12.1 13.1 16.8
Sigmoid 12.6 13.1 33.1 14.8
Average (I) 11.3 11.8 18.9 13.0
L Ascending 2.26 3.97 15.4 14.4
Transverse 3.93 5.86 15.0 24.6
Descending 3.03 5.81 13.5 41.9
Sigmoid 4.09 6.49 42.0 23.3
Average (L) 3.3 5.5 23.5 26.1
U Ascending 9.11 11.0 325 13.0
Transverse 19.1 14.6 13.9 24.9
Descending 15.6 15.6 19.6 21.6
Sigmoid 22.6 17.3 19.7 42.9
Average (U) 16.6 14.6 17.7 29.8
a. I-test 10% check

2
g &
g 6
4
2 aeeT
o E=3Z=s===s
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Displacement (m)
b. L-test 10% check

FIG. 4. U-orientation tip has been forced down into the lower left flexure of the
transverse colon. This has induced stress across the whole length of the trans-
verse colon but has also induced a stress artifact at the splenic flexure due to a
harsh constraint placed on the splenic flexure.

Force (N)

. . . 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
would be propagated further past these boundaries in a model with Displacement (m)

improved constraints.
C. U-test 10% check

IV. DISCUSSION
A. Material validation

Force (N)

The material response was aimed at finding results within 10%
of the upper and lower limits of the data from the recreated mechan-
ical test.”! A graphical representation of this target can be seen in
Flg' 5' 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

The calculated force/displacement response followed the gen- Displacement (m)
eral trend of the mechanical test results,”’ with most calculated data
points falling within 10% of the I-orientation mechanical results, but
the L- and U-orientation calculated trendlines had lower force values
than the mechanical results.”’ Looking at the red lines in Fig. 5, the

FIG. 5. Range within +10% of the data points?! (red dash lines) and the response
from the |-tests (a), L-tests (b), and U-tests (c) for the ascending (blue), transverse
(orange), descending (gray), and sigmoid (yellow) material validation tests.
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FIG. 6. Comparison between the results from the material validation tests (blue) and the full model tests (orange) for the |-shaped tip (a), L-shaped tip (b), and U-shaped tip
(c). The full model tests mostly have higher force and displacement at the UTS point of the materials than seen in the material validation tests.
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physical mechanical responses seem to start at a higher force than
zero, which could be the issue.

The main inaccuracy was at the failure point. All materials
“failed” at lower values than expected, likely due to the approx-
imations of elastic properties used for the materials. On average,
I-orientation calculations were 49% lower for displacement and 51%
lower for force. L-orientation calculations were especially low, at
71% for displacement and 88% for force. U-orientation calculations
were slightly better, at 38% lower for displacement and 41% lower
for force on average.

It is probable that the exceptionally low failure values for the
L-orientation tests were due to the recreation of the L-orientation
tip geometry. The length of the tip was close to the diameter of
unconstrained tissue material, creating an abnormally high stress
concentration at the edge of the constraint.

B. Full model

The results from the full model were compared with the results
from the material validation, as the materials were the same as the
computational testing, not the mechanical testing.”’

Graphical comparisons of the results can be seen in Fig. 6,
and in each instance, the force and displacement of the full
model tests mostly surpass those of the material validation tests
at failure. This was expected, as there was more material to be
displaced and more material over which stress could be dis-
tributed, leading to higher forces experienced by the scope tip at
failure.

The difference in results between a small sample of a material
and the material in a model of the entire colon suggests that
smaller samples of the colon may not be accurate for testing
endoscopic devices. The shape and neighboring structures of the
colon.

C. Limitations

Limitations arose from the simplifications and assumptions
used in this project. Haustra, semilunar folds, and tenia coli were
all omitted due to the simplified geometry used to gather data within
the timeframe of the project. In reality, these would all have some
effect on the response of the colon tissue to internal devices, for
example, the tenia coli, which provides increased elastic resistance
in the longitudinal direction of the colon.

The non-linear properties of the colon wall tissue were also
omitted—a Hookean response was estimated from mechanical test
data on porcine colon tissue.'” This will have significantly affected
the realism of the model; however, there can still be a fair com-
parison between the material validation tests and the full model
tests, as both used the same materials. This limitation affects the
accuracy of the model, but the full model still shows major differ-
ences in material validation, cementing its usefulness when fewer
assumptions are used.

Material failure in these analyses was determined by the point
at which the UTS was reached. In the compared mechanical study,’’
failure was determined as when the material was fully perforated. As
the colon wall is made up of multiple different layers with different
stress responses, "'’ the UTS of one layer could be reached before
the wall is perforated, with other layers staying intact. Furthermore,
the wall may reach a UTS and begin to take damage, with more
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stress needed to damage the wall enough for perforation. One of
the more impactful limitations was the arbitrary placement of con-
straints. The constraints were placed to mimic how the colon is con-
nected to its neighboring structures—specifically the mesocolon and
abdominal walls. As the splenic and hepatic flexures were report-
edly relatively fixed areas of the colon, fixed constraints were applied
to the outer walls of these areas, causing stress concentrations at
the constraint boundaries that would not be seen in a colon in
vivo.

V. FUTURE WORK

This work is being continued as a postgraduate research
project. The tissue modeling will be improved using strain
energy functions (SEFs) to consider non-linear and anisotropic
hyperelasticity.'”'* Starting at smaller scales and building up to a
full model will allow for a manageable computational burden while
applying more accuracy to the model.

The geometry will be improved by keeping the characteristic
features of the colon present, such as haustra, and modeling tenia
coli and their effects on longitudinal strain. It may be possible to look
at the way different tissues and structures are connected by using a
different imaging modality than CT, such as MRI. This would allow
for more accurate constraints to be placed on the model, removing
unrealistic stress concentrations (Fig. 4).

VI. CONCLUSION

These new results of the colon model are promising, as shown
by the similar trends in the mechanical recreation simulations; how-
ever, the used materials should be refined, and anisotropic elasticity
must be implemented. Further exploration into the similarities and
differences of colonic anatomical geometry would provide useful
insight into the major trends in geometry seen across many colons
(hepatic and splenic flexures, cecum shape and direction, transverse
and sigmoid colon shapes, for example), which would determine the
need for a patient-specific model or allow for a generalized model
that is effective for all patients.

Despite these limitations, the model represents a basis from
which to create a simulation of mechanical responses from the
human colon in situ and can be improved upon to create a mode of
testing devices that is useful, safe, accurate, and the first of its kind.
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