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ARTICLE INFO ABSTRACT
Am'd_e history: Background and aims: Intestinal stenosis is a common complication of Crohn’s Disease (CD). Stenosis is
Received 26 January 2021 associated with alteration of bowel mechanical properties. This study aims to quantitate the mechanical
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properties of the intestinal stenosis and to explore associations between histology and mechanical re-
modeling at stenotic intestinal sites in CD patients. Methods: Intestinal segments from stenotic sites were
studied in vitro from 19 CD patients. A luminal catheter with a bag was used to stepwise pressurize the

Keywords: intestinal segments from 0-100 cmH,0 with 10 cmH,0 increments. B-mode ultrasound images were ob-
Crohn’s disease tained at the narrowest part of the stenosis at each pressure level and morphometric parameters were
Stenotic site obtained from ultrasound images. The mechanical behavior of the stenotic tissue were characterized by
lS:FliJffn§55 using an isotropic three dimensional strain energy function in Demiray model form, the mechanical con-
1DI0S1S

stants were obtained by fitting the model to the recorded intraluminal pressure and the inner radius of
the stenotic segment of the small bowel. Grading scores were used for histological analysis of inflam-
mation, fibrosis, muscular hypertrophy and adipocyte proliferation in the intestinal layers. The collagen
area fraction in intestinal layers was also calculated. Associations between histological and the mechanical
constants (stiffness) were analyzed. Results: Chronic inflammation was mainly located in mucosa whereas
fibrosis was found in submucosa. The mechanical remodeling was performed with changed mechanical
constants ranged between 0.35-13.68kPa. The mechanical properties changes were associated mainly with
chronic inflammation, fibrosis and combination of inflammation and fibrosis (R>0.69, P<0.001). Further-
more, the mechanical properties correlated with the collagen fraction in submucosa and muscular layers
(R>0.53, P<0.05). Conclusions: We quantitated the intestinal stenosis stiffness. Associations were found
between bowel mechanical remodeling and histological changes at the stenotic site in CD patients.

Chronic inflammation

Statement of significance

Although intestinal ultrasonography, CT and MRI can be used to diagnose Crohn’s Disease (CD)-associated
bowel strictures, these techniques may not have sufficient accuracy and resolution to differentiate pre-
dominantly inflammatory strictures from predominantly fibrotic strictures. The present study aims to
quantitate the mechanical remodeling of intestinal stenosis and to explore the associations between his-
tological parameters and mechanical properties at the intestinal stenotic sites in CD patients. For the first
time, we quantitatively demonstrated that the mechanical properties of the intestinal wall in CD stenosis
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are associated with the chronic inflammation, fibrosis and collagen fraction in the intestinal layers. The
results of this study may facilitate design and development of artificial biomaterials for gastrointestinal
organs. The potential clinical implication of this study is that the histological characteristics in patients
with CD can be predicted clinically by means of inflammation and fibrosis assessment in conjunction
with tissue stiffness measurement.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Crohn$ disease (CD) is a chronic, relapsing inflammatory bowel
disease (IBD) that affect various parts of the gastrointestinal tract,
most commonly the small intestine and colon [1,2]. The incidence
of CD ranges from 5 to 30 cases per 100,000 person-years in West-
ern countries [3]. Symptoms usually include diarrhea, abdominal
pain, rectal bleeding, fever, weight loss, or fatigue [1,2]. Common
complications of the chronic transmural inflammation in CD are
fistulae, abscesses, intestinal perforation, and intestinal strictures
[4].

Chronic inflammation, ulcerations, and injury to the intestinal
wall may lead to disorganized deposition of extracellular matrix
[5]. Moreover, due to the transmural inflammation in CD, fibrosis
may involve all layers of the bowel wall. This results in wall thick-
ening and stiffening with narrowing of the intestinal lumen, lead-
ing to strictures and obstruction [5]. Chen and co-workers devel-
oped a comprehensive analysis of the histopathological elements
in CD [6]. Their histological grading system covers not only inflam-
mation and fibrosis but the full spectrum of histopathology in IBD.

Although intestinal ultrasonography, CT and MRI can be used
to diagnose CD-associated bowel strictures [7], these techniques
may not have sufficient accuracy and resolution to differentiate
predominantly inflammatory strictures from predominantly fibrotic
strictures. Intestinal ultrasonography and contrast enhanced ul-
trasonography may be useful for assessment of bowel stiffness
and inflammation, i.e. to differentiate between acute bowel wall
inflammation, fibrosis, and muscularization [8]. However, these
modalities are still experimental, and the stiffness measurements
are difficult to compare with traditional engineering quantifica-
tions of soft tissue stiffness [9]. It has been shown that bowel
wall stiffness increased in regions with fibrotic changes [10-12].
The study from Johnson et al showed that the matrix stiffness ac-
tivates human colonic fibroblasts to a fibrogenic phenotype [12].
It suggests the mechanical properties of the cellular environment
are critical to fibroblast function. Hence, the changes in mechanical
properties (stiffness) in CD-associated stenosis is likely important
for understanding mechanisms for intestinal fibrosis. The aims of
the present study were to quantitate the mechanical remodeling of
intestinal stenosis and to explore the associations between histo-
logical parameters and mechanical properties change at the intesti-
nal stenotic sites in CD patients. We hypothesized that associations
exist between intestinal mechanical properties and CD-induced in-
flammation and fibrosis. The potential clinical implication of this
study is that in vivo stiffness measurements can be used to pre-
dict developments of the histological stenosis characteristics of the
small bowel in CD.

2. Material and methods

Inclusion criteria were CD patients referred to elective surgery
for small intestinal disease regardless of activity. Twenty-five pa-
tients (mean age, 37 years; range 19-67 years; 12 females) were
recruited for the study during September 2012 to March 2014 in
Denmark. Bag distension was not done in excised intestine from
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six of the patients due to lack of time, technical failure, and miss-
ing data (two in each category). Consequently, excised intestines
from 19 patients were included in the present study. Patients re-
ported symptoms including pain, vomiting, diarrhea, and bloating
and Crohn’s disease activity index (CDAI) were calculated. Supple-
mental Table S1 shows CDAI and the symptom scores for the pa-
tients and supplemental Table S2 shows preoperative imaging pa-
rameters of the surgical specimens. Results for preoperative cross-
sectional imaging findings and simple histology have been pub-
lished [13].

2.1. Ethics statement

All procedures followed were in accordance with the ethical
standards of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration of
1975, as revised in 2008. Informed consent was obtained from all
patients for being included in the study. The study was approved
by the municipality IEB (approval 1-10-72-339-12) and Danish na-
tional authorities (ID number of EudraCT=2011-005846-36).

2.2. Tissue sampling and biomechanical testing

Tissue sampling and testing have been described previously
[13]. Immediately after surgical excision, the bowel segment was
rinsed with tab water and fixated at the in vivo length (mea-
sured during surgery) in an organ bath. The organ bath contained
standard Krebs solution with glucose and ascorbic acid at 37°C
[14]. The temperature was maintained constant using an electric
warming tray (Bartscher, Salzkotten, Germany). A 3mm-diameter-
catheter with a bag that could be distended to diameter 30mm
without stretching the bag was connected to a water column sys-
tem used for distension of the tissue segment. The size of the
bag ensured that the applied bag pressure was fully transmitted
to the intestinal wall at the stricture site. The distension pres-
sure was subsequently increased up to 100 cmH,0 in steps of
10 cmH,0. Ultrasound b-mode images of the specimen in cross-
section were obtained at the narrowest part of the stenosis af-
ter obtaining pressure equilibrium at each step (HI VISION Preirus
US machine with a EUP-L73S probe. Hitachi Medical Corporation,
Tokyo). Images were exported in DICOM format.

The pressure imposed by the bag distension and the ultrasound
images at each pressure level were used for the biomechanical
analyses.

2.3. Ultrasound image analysis

US DICOM images were analyzed using radiology imaging soft-
ware, OsiriX 5.7.1. 64 bit (Pixmeo SARL, Bernex, Switzerland). A cir-
cular/ovoid region of interest (ROI) was drawn for the luminal bor-
der and the outer muscularis propria border of the bowel wall and
were annotated according to location and pressure level (Supple-
mental Fig. S3) [13]. ROIs from all pressure levels containing infor-
mation about area and circumference were exported in csv format
and imported into MATLAB (R2020, The MathWorks Inc.) for fur-
ther analysis, see below.
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2.4. Biomechanical data analysis

The stenotic segment of the small bowel was assumed to be a
thick-walled tube made of nonlinear hyperelastic, incompressible,
isotropic and homogeneous material. The viscoelasticity, the active
behavior of the small bowel, and anisotropy were not considered.
The small bowel model is described in cylindrical coordinates with
(0, r and z) as the orientations in circumferential, radial and longi-
tudinal directions. The deformation field in the mechanical testing
is described from a unloaded configuration X (R, ©, Z) to pressur-
ized configuration x (1,6,z) with relationship:

r=r(R),0=0,z=21Z (1)

where X (R, ©, Z), and x (1,0,z) are the reference and current pres-
surized position of a material particle, and A; is the distension in-
duced axial stretch. The deformation of the model is described in
terms of the deformation gradient as:

dx :diag|: ar r z

r
0X JR'R’ Z

where A;, Ag, A, are stretches in radial, circumferential and axial

directions.

Circumference and luminal areas for the inner surface and outer
surface of the narrowest part of the stenosis were measured from
the US images. The inner radius (rj,) outer radius (rop), A9, Ar and
Az at each distension pressure at the narrowest stenosis location
were calculated as:

F=— } = diag[Ar, g, Az] (2)

o= VDRl @
Top = +/ lAup/jT (4)
)\.9 =r/R

dr
Ar= ﬁ = l/()‘(ﬂ)\z) (5)
he= (RS =R/ (% —12) = f(ry) (6)

where LA;p,LAop, Tip.Top are luminal area and radius for inner and
outer surfaces, the subscript p = 0, 10, 20, ...100 indicates the dis-
tension pressure from 0 to 100 cmH,O0, R;, R, are inner and outer

radius at pressure = 0. f(rjp) is A change over the distension, in
this study, f(r;,) = C(%‘iJ — 1) + 1 was used, and the constant C was
obtained by curve fitting the r;,/R; to the A, change over the dis-
tensions for all tests.

The small bowel tissue was assumed incompressible, conse-
quently:

Arhghs =1 (7)

From Eq. (7), the radius along the small bowel at the reference
state (R) can be expressed as a function of the radius in the loaded
state (r) as:

R= \/}\.Z*(TZ — T'jpz) + R,‘z

R; is the inner radius of the small bowel at the reference state.

The mechanical behavior of the small bowel segment was char-
acterized by an isotropic three-dimensional strain energy function
in Demiray model form as [15,16]:

(o)

where a and b are positive constants, a represents the shear mod-
ulus of the material and b is a positive dimensionless material

(8)

w=2

S (©)
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parameter, which represents the degree of material nonlinearity.
I; = trC is the first invariants of the strain tensor and C = F'F. In
this study, the parameter AB = a*b was used for the association
analysis between the mechanical properties and the histological
characteristics.
The associated Cauchy stress o is given by:
ow

o= —pl+2FW

where p is a Lagrange multiplier associated with the constraint
and represents a contribution to the hydrostatic stress, and I is the
identity tensor.

The second term on the right side of Eq. 7 can be written as:

FT (10)

oP = ZFB—WFT =2W;B

3C (11)
where B = FFT, W; = dW/41;,
The component of the Cauchy stresses are:
b 2
O = —p + a.exp j(11 =3) ).Ar
b 2
Ogyg = —p + a.exp j(11 —-3)).Ag
b 2
0, = —p+a.exp E(11 -3)).Az (12)

Due to the symmetry, there is no shear stress and the normal
stresses oy, 0gg and oz are principal stresses. The equilibrium
equation consists of just the radial equation, i.e.

doyr
dr

Eq. 13 can be solved by integrating over radius from the inner
wall (r;) to the outer surface (r,) as:

Orr —Opp 0

. (13)

o g, — Oyp
O (o) — O (1) = _f %dr

T

(14)

Integration of Eq. 14 and application of the boundary conditions
o =-P(t)onr=r;and o,y =0 on r =1, leads to the expression:

P(t)= |

r[p

(15)

(0gg (1,t) — O (1, 1)) dr
r

where P(t) is the calculated intraluminal pressure at the loading
state.

The intraluminal pressure P(t) in Eq. 15 is a function of material
constants A (a,b), longitudinal stretch ratio ., and inner radius of
the segment. They can be expressed by J, as [17,18]:

P(t) =Jp(A, Az Tip) (16)
where Jp is:
=T Laew(Bi-3) (727 (1)

Tip

where Iy = (A% + 4% + 42%), Top = /3 (RZ — R?) + 17,2, where Ry
is the outer radius of the segment at the reference state.

Best-fit values of these parameters were determined using a
nonlinear least-squares (Levenberg-Marquardt) minimization of the
difference between computed and measured intraluminal pres-
sures during the distension. The integral function in Eq. 14 is nu-
merically approximated by using Romberg’s method, i.e., the fol-
lowing objective function was minimized:

S(A) =Y Up(A Az 1) — pil

i=1

(18)
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where m is the number of data points, J, the computed intralu-
minal pressure from (17), and p; the measured bag pressure. The
unknown material parameters a and b were obtained by fitting the
model to the recorded intraluminal pressure- inner radius curves
of the stenotic segment of the small bowel. As a metric of the
goodness of fit, we computed the root mean square of the fitting
error:

S(A)

RMSE = (19)
All calculations were optimized by using MATLAB subroutines
(R2020, Mathworks, USA).

2.5. Tissue sampling for histology

Tissue sampling for histology has been described in detail pre-
viously [13]. To preserve the original shape and luminal diameter,
the bowel segment was not opened longitudinally. Fixation was
made in neutral buffered formaldehyde for 24-48 hours using in-
traluminal wicks to ensure sufficient preservation. After fixation,
all segments were transversally cut into slices of 3-6 mm thick-
ness (Supplementary Fig. S4). The whole mounted slices were then
paraffin-embedded for sectioning. The slices were stained with 1)
Haematoxylin-eosin (HE), 2) Masson’s trichrome (Masson), and 3)
anti-Desmin, respectively. Slices were digitalized with NanoZoomer
2.0 HT and NanoZoomer 2.0-RS (Hamamatsu, Hamamatsu City,
Japan).

2.6. Grading of inflammation, fibrosis, muscular hypertrophy and
adipocyte proliferation

In order to evaluate the degree of histological remodeling in
the CD stenosis, we adopted the method proposed by Chen et al
[6] with minor modifications. As we did not have histological
slides from “normal locations” of the CD bowel, the “space vol-
ume (thickness) expansion” in different layers could not be graded.
Furthermore, we did not analyze the neuronal hypertrophy param-
eter. We scored O, 1, 2 and 3 for the degrees of specific changes
in each layer of the CD stenosis as inflammation score, fibrosis
score, muscular hyperplasia score and adipocyte proliferation score
(Supplemental Table S5-8). HE stained slides were used to evalu-
ate acute and chronic inflammations (Supplemental Table S5) and
adipocyte proliferation (Supplemental Table S8), Masson stained
slides for fibrosis/collagen expression (Supplemental Table S6), and
anti-Desmin stained slides for muscular hypertrophy (Supplemen-
tal Table S7). The scores of adipocyte proliferation was only evalu-
ated in submucosa and muscle layers. The degree of fibrosis in var-
ious layers was evaluated in two different ways; an ordinal score
from O to 3 and a relative measure of collagen in submucosa and
muscle layers, calculated from the collagen and the total wall areas
from Masson stained slides (Fig. 1). All calculations were done by
using a house made MATLAB subroutine (R2020, MathWorks Inc.).
The total scores of each histological parameter in the intact wall
were obtained by summation of histological scores in the layers.

2.7. Association analyses between histological parameters and
stiffness of the CD stenosis and statistical analyses

The histological parameters and the mechanical properties of
the CD stenosis were analyzed independently by observers blinded
to each other’s findings. The combined material constant AB = a*b
in Eq. 9 were used for describing the stiffness of the wall. The re-
lationships between histological scores and the stiffness of the CD
stenosis were analyzed using:

1) multiple linear regression analysis to identify the dominant his-
tological factors of the intact wall that related to the stiffness.

335

Acta Biomaterialia 130 (2021) 332-342

Submucosa layer

Separated submucosa layer Binary image for region

of interest of collagen in
submucosa layer

Bar=5mm

Muscle layer

Separated muscle layer

Binary image for region
of interest of collagen in
muscle layer

Fig. 1. Method for measurement of the collagen fraction in submucosa and muscle
layers. First, submucosa and muscle layers were outlined and separated into two
images. Second, the region of interest (ROI) of collagen in Masson stained slides
was defined by using image segmentation method. Third, the color due to collagen
was distinguished in the ROI using intensity thresholds. Finally, the images were
exported as binary images and the area fraction of collagen was calculated.

2) single linear regression analysis to analyze the association be-
tween the dominant histological factors and the stiffness.

3) multiple linear analysis again to identify the layers contribution
of the dominant histological factors to the stiffness.

4) single linear regression analysis to analyze the associations be-
tween collagen fraction and the stiffness.

During the association analysis, correlation coefficients R was
used to determine correlations between variables, F and P were F-
test value and P-value for the F-test, and a P-value of <0.05 was
considered significance for all analyses. In multiple linear regres-
sion analysis, the dependent variable can be predicted from linear
combination of the independent variables, and the smaller P-value
of the independent variables indicated its closer relation with the
dependent variable. Data are presented as mean+SD, and all anal-
yses were computed using SigmaPlot version 11.0 (Systat Software,
Inc.).

3. Results

Data from 19 CD patients were included. Supplemental Table S1
shows the patients demographical data including age (43.4 + 13.4
years, range 19-67 years), gender (11/8 F/M), BMI (24.9 £ 3.5), du-
ration of disease (5 cases < 2 years, 7 cases 2-10 years and 7 cases
>10 years), CDAI (200.34+ 99.1) and symptoms (pain, vomiting, di-
arrhea, and bloating, detail scores are shown in Supplemental Table
S1).

3.1. Histological grading/scores

Representative examples of intact wall slices with histological
scores are shown in Fig. 2. The scores from each segment and av-
erage scores of all segments for acute and chronic inflammation,
fibrosis, muscle hypertrophy and adipocyte deposition in different
layers and summation of the scores are listed in Table 1. The high-
est average score for acute and chronic inflammation was in the
mucosa. Fibrosis and adipocyte deposition were primarily in sub-
mucosa.

3.2. Mechanical properties of the tissue

The inner diameter at the stenotic site at the maximum disten-
sion pressure was 16.4+6.7 mm (ranging from 7.4 to 27.8mm). The
mechanical constants (a and b) in Eq. 9 were calculated by curve
fitting Eq. 17 to the recorded intraluminal pressure-inner radius
data. The fitted mechanical constants and residuals are listed in
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HE
Al: 19; CI: 33
Masson
Desmin
)
i i‘m 7
HE é’)%
" W§€— =
AP: 0 AP: 2 AP: 4
Bar=2 mm

Fig. 2. Examples of histological scores obtained from the intact wall. The first row
is scores for inflammation including acute and chronic, the second row for fibrosis,
the third row for muscular hypertrophy, and the last row for adipocyte prolifera-
tion. The scores from low to high indicating the severity of the histological changes.
Acute inflammation was considered by fissuring ulcer involvement, abscess, poly-
morphonuclear cell infiltration in non-ulcer/abscess area in the layers. For the mu-
cosal layer superficial ulcer and cryptitis were also considered as acute inflamma-
tion. Chronic inflammation was described in terms of lymphoplasmacytic infiltra-
tion, eosinophilic infiltration and lymphoid follicles/aggregates in the various layers.
In the mucosa, alteration of crypt architecture was also regarded as chronic changes.
Muscular hypertrophy evaluation included lamina propria smooth muscle bundle
dissection and muscularis mucosae thickening in mucosa layer, smooth muscle bun-
dle proliferation and muscularis mucosae downward dissection in submucosa layer,
and thickening of muscularis propria. Abbreviations: HE, hematoxylin and eosin
staining; Masson, Masson’s trichrome staining; Desmin, anti-desmin staining; Al,
acute inflammation; CI, chronic inflammation; FB, fibrosis; MH, muscle hypertro-
phy; AP, adipocyte proliferation

Table 2. Two representative curve fittings from two patients with
chronic inflammation and fibrosis scores of 19 and 42 are shown
in Figure 3. The fitted curves agreed well with the recorded data,
indicating the selected Demiray-type strain energy function model
was valid for description of the mechanical bowel remodeling in
CD patients.

3.3. Dominant histological factors determining the stiffness in the
intact wall

Multiple linear regression analyses showed that the combined
material constant AB was primarily associated with chronic inflam-
mation and fibrosis (Table 3). The association between the mate-
rial constant with acute + chronic inflammation, chronic inflam-
mation + fibrosis, and scores of all factors showed that AB was
primarily determined by chronic inflammation + fibrosis. Multiple
linear regression equations for independent variables are presented
in Table 3.
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o Experimental, CI+FB score = 19

140 + -==-Theoretical, Cl +FB score = 19

120 A e Experimental, Cl + FB score =42
5 Theoretical, Cl + FB score = 42
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3 60 - '/)
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0 0.2 04 06 038 1 1.2 14

Inner radius (cm)

Fig. 3. Comparison of the recorded pressure-inner radius curves with the theoret-
ical curves predicted from Eq. 16. The dashed line is from a patient with a low
chronic inflammation + fibrosis score (19), and the solid line is from a patient with
a high chronic inflammation + fibrosis scores (42). CI: Chronic inflammation, and
FB: Fibrosis.

3.4. Associations between the stiffness and each dominant
histological factor from the intact wall

Associations between AB and main histological scores are dis-
played in Fig. 4. It confirmed the positive associations between the
AB and chronic inflammation (R=0.69, P<0.001), fibrosis (R=0.73,
P<0.001) and chronic inflammation + fibrosis (R=0.74, P<0.001).

3.5. Associations between the stiffness and collagen fraction

Fig. 5 shows linear regression analysis between AB and collagen
fractions in muscle and submucosa layers. The AB was associated
with submucosa collagen fraction (Fig. 5a, R = 0.53, P = 0.019) and
muscular collagen fraction (Fig. 5B, R = 0.60, P = 0.007).

3.6. Associations between stiffness and dominant histological factors
in the layers

Table 3 shows multiple linear regression analysis assessing as-
sociations between AB and each histological component in indi-
vidual bowel layers. The AB was primarily associated with chronic
inflammation in mucosa layer, fibrosis in submucosa and muscle
layers, and chronic inflammation + fibrosis in both mucosa and
submucosa layers.

4. Discussion
4.1. Summary of the results

To the best of our knowledge, this is the first study that present
detailed and quantitative stiffness analyses of intestinal stenosis in
CD. Furthermore, correlation analyses between the stiffness and CD
induced histological changes in the stenosis location showed: 1)
the intestinal wall stiffness of CD stenosis was primarily associated
with chronic inflammation of the mucosa, fibrosis in submucosa
and muscle, and a combination of these two factors in mucosa and
submucosa, and 2) the combined material constant was associated
with the submucosal and muscle collagen fraction.

Mechanical remodeling induced by diseases in the gastrointesti-
nal tract have been studied clinically to some extent by means of
distension technologies including impedance planimetry and the
functional luminal imaging probe (FLIP) [19-27]. Stiffness param-
eters such as the elastic modulus, compliance and distensibility
index have been used as potential biomarkers of impaired gas-
trointestinal function [9,23]. In this study, we moved a step fur-
ther by linking the remodeled mechanical properties to pathologi-
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Table 1
Histological grading/scoring of strictures.
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Patient No. 3 4 7 8 9 10 1 12 13 15 16 17 18 19 20 22 23 24 25 Average
Muc Al 10 7 10 5 5 4 6 8 2 5 0 5 10 7 7 8 9 11 1 6.32
Cl 11 8 11 7 10 9 5 9 4 12 5 8 6 7 8 12 10 12 7 8.47
FB 2 3 2 1 1 2 2 1 1 3 0 1 1 2 2 3 3 2 3 1.84
MH 3 5 5 3 4 2 5 5 3 6 0 5 6 4 4 6 5 5 6 4.32
Sub Al 6 1 2 1 0 0 2 1 0 0 0 1 4 2 4 6 2 1 0 1.74
Cl 4 4 6 5 8 7 7 7 4 7 1 5 4 7 7 9 8 7 4 5.84
FB 1 1 3 1 3 3 2 3 1 2 0 2 3 1 2 3 3 3 3 2.11
MH 1 1 1 1 2 2 3 3 1 3 0 2 4 1 1 5 3 2 6 2.21
Adipo 3 3 2 2 0 1 0 1 2 3 3 1 2 3 2 2 1 3 2 1.89
Mus Al 3 0 0 0 0 0 1 1 0 2 0 0 3 0 2 3 1 0 0 0.84
Cl 3 1 4 4 7 5 6 3 1 7 0 1 5 5 6 9 4 3 4 4.11
FB 1 1 2 1 3 3 2 1 0 3 0 1 2 1 2 3 2 1 3 1.68
MH 2 0 3 0 4 6 2 2 2 5 0 1 5 1 1 3 3 3 3 2.53
Adipo 1 1 0 1 0 0 0 0 0 1 0 0 0 1 1 0 1 1 1 0.47
Adv Al 2 0 0 0 0 0 0 0 0 1 0 0 0 2 1 3 1 1 0 0.58
Cl 5 1 4 5 7 7 7 7 2 7 0 2 1 6 5 9 7 4 3 4.68
FB 2 0 2 1 2 3 3 3 0 1 0 1 1 2 1 3 1 0 1 1.47
MH 0 0 1 0 0 1 1 1 0 1 0 2 1 0 0 2 3 0 2 0.79
Tot Al 21 8 12 6 5 4 9 10 2 8 0 6 17 11 14 20 13 13 1 9.47
Cl 23 14 25 21 32 28 25 26 11 33 6 16 16 25 26 39 29 16 18 23.1
FB 6 5 9 4 9 11 9 8 2 9 0 5 7 6 7 12 9 6 11 7.11
MH 6 6 10 4 10 11 11 11 6 15 0 10 16 6 6 16 14 10 19 9.84
Adipo 4 4 2 3 0 1 0 1 2 4 3 1 2 4 3 2 2 4 3 237

Notes: Adipo: Adipocyte deposition; Adv: adventitial layer; Al: acute inflammation; CI: chronic inflammation; FB: fibrosis; MH: muscle hypertrophy; Muc: mucosa;

Mus: muscle; Sub: submucosa; Tot: cumulative changes of whole wall.

Table 2
Best-fitted mechanical constants at CD induced stenotic site
of the small bowel.

Patient No. a b AB RSME ¢

3 3.35 1.15 3.84 0.30 0.02
4 0.59 0.59 0.35 0.50 0.08
7 20.58 0.50 10.32 0.50 0.13
8 0.63 .11 071 0.25 0.19
9 5.39 2.14 11.53 0.25 0.29
10 6.90 1.52 10.49 0.74 0.41
11 3.35 1.15 3.84 1.40 0.28
12 0.77 5.00 3.85 0.68 0.67
13 1.02 1.84 1.87 0.44 0.22
15 3.15 4.34 13.68 0.33 0.29
16 2.05 0.81 1.67 0.43 0.10
17 0.89 0.82 0.72 0.98 0.01
18 2.25 0.84 1.89 0.25 0.07
19 0.94 120 113 0.66 0.01
20 4.46 0.62 2.75 0.36 0.15
22 2.69 3.91 10.53 0.67 0.09
23 3.17 2.05 6.49 0.27 0.19
24 5.95 0.86 5.14 0.75 147
25 17.56 0.50 8.85 0.17 0.29

Notes: a,b, AB= a*b are mechanical constants in Eq. 9. RMSE
is the root mean square of the fitting error in Eq. 19. c is the
constant in f(r;,) in Eq. 6

cal changes using association analysis between the mechanical pa-
rameters and histological scores. This study may aid clinical de-
cision making on diagnosis of CD patients by relating measurable
tissue stiffness parameters from in vivo distension tests to pathol-
ogy changes.

4.2. Evaluation of intestinal stiffness at CD stenosis

Bowel stiffness is associated with wall deformability and in-
testinal motor function [22,28]. Changes in the wall stiffness in-
duced by diseases reflect tissue remodeling [29-31] and may im-
pair gut motility [29]. Previous studies from our group have
shown associations between impaired bowel function and remod-
eled wall stiffness in patients with diabetes [29,30], systemic scle-
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rosis [32] and irritable bowel syndrome [33,34]. Several stiffness
indices have been proposed based on pressure-diameter relation-
ships during bowel distension. These indices include distensibility
index, compliance, and elastic modulus [9]. Several compression
tests including strain elastography [11], micro-elastometer [12] or a
multi-scale indenter [10] have been used to estimate the stiffness
of CD intestinal strictures in humans. The studies demonstrated
that the wall stiffness increased in regions with fibrotic changes.
Strain elastography, micro-elastometer and indenter quantify tissue
deformability, where the wall compression modulus was calculated
from deformation and the applied press force within the organ. A
softer region within the organ would display large changes in dis-
tance between the points, i.e., larger strains. However, the accuracy
of the measurement depends on the distance from the organ to
the transducer and the heterogeneity of the wall material [35,36].
Estimates of the wall stiffness from US imaging during distension
provides quantitative information on both the configuration of a
stenosis and the the morphometric change in the individual layers
of the gut wall [18,37,38]. With the combined bag distension and
ultrasound measurement in excised CD bowel segments, we mea-
sured morphometric parameters including wall thickness during
distension at the stenotic site. Hence, the wall mechanical proper-
ties at the stenotic site can be assessed from the mechanical con-
stants of the tissue. Compared with previous studies on CD stric-
ture mechanical properties, we moved a step further by: 1) using
intact segments, i.e. preserving the tissue structure and integrity
during the test; 2) applying the three dimensional Demiray-type
strain energy function model to describe the hyperelastic mechan-
ical behavior of the stenotic small bowel, i.e. the non-linear, large
deformation properties of the tissue stricture were assessed by the
mechanical constants of the model; and 3) describing the asso-
ciation relationships between the mechanical remodeling and the
pathological change of the tissue.

4.3. Grading the histological changes of the intestinal wall at CD
stenosis

In order to analyze the association between bowel wall stiffness
and the histological changes of the stenotic site, it was important
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Table 3
Multiple regression analyses.

Acta Biomaterialia 130 (2021) 332-342

Main histological factors in intact wall

Equation F P Independent variables
AB = —4.048 - (0.225 * AL) + (0.329 * 6.789 0.003 AL 0.429
CI) + (0.468 * FB) + (0.0710 * MH) CI 0.067
FB 0.101
MH 0.785
AB = —4.129 - (0.271 * AI+CI) + (0.515 * 9.768 <0.001 Al + CI 0.687
CI+FB) + (0.0545 * TP) CI + FB 0.005
TP 0.079

Layer contributions

Equation F P Independent variables

Cl AB = —3.333 + (0.873 5.104 0.009 Mucosa 0.030
* Mucosa) - (0.747 * Submucosa 0.390
Submucosa) + (0.936 * Muscle 0.087
Muscle) + (0.363 * Adventitia 0.581
Adventitia)

FB AB = —0.940 - 7.152 0.002 Mucosa 0.994
(0.00677 * Submucosa 0.011
Mucosa) + (0.344 * Muscle 0.022
Submucosa) + (3.361 * Adventitia 0.868
Muscle) - (0.129 *
Adventitia)

Cl + FB AB = —4.206 + (0.589 5.963 0.005 Mucosa 0.066

* Mucosa) - (0.133 *
Submucosa) + (0.739 *
Muscle) + (0.0244 *
Adventitia)

Submucosa 0.060
Muscle 0.790
Adventitia 0.946

Notes: Independent variables: p-values for the variables in the multiple regression equation.
Abbreviations: AB: Combined mechanical constants (a times b); Al: acute inflammation; CI: chronic inflamma-
tion; FB: fibrosis; MH: muscle hypertrophy; TP: total points; Bold items: indicating stronger dependency with

AB

to use an appropriate method to grade the histological changes
within the bowel wall. Measurement of histologic disease activity
has potential value in CD. Most of the published histopathologi-
cal characterization of Crohn’s strictures were performed as part
of radiological studies including US or CT with various histological
grading schemes roughly assessing for inflammation and fibrosis
[39-43]. Schaeffer et al [44] proposed a scoring system for semi-
quantitative histological analysis of CD in surgical resection speci-
mens to evaluate the changes related to anti-tumor necrosis factor
therapy. More recently, Chen and co-workers also proposed a novel
grading system for semi-quantitative histological analysis of CD in
surgical resection specimens [6]. The latter has been developed as
a comprehensive analysis of the histopathological elements in CD
‘fibrostenosis’ that covers not only inflammation and fibrosis but
the full spectrum of inflammatory bowel disease pathology. There-
fore, we adopted the methods from Chen et al [6] to grade inflam-
mation, fibrosis, muscular hypertrophy and adipocyte proliferation
in mucosa, submucosa, muscle and adventitia layers at stenosis site
of CD bowel wall.

However, so far no validated histopathological scoring system is
currently available for characterization of Crohn’s bowel strictures
[45-47]. Recently, De Voogd et al [46] systematically reviewed po-
tential histological parameters that reflect either inflammation or
fibrosis in strictures associated with CD. Their systematic review of
sixteen studies may be the starting point for generating a robust,
validated, reproducible and feasible histological scoring system by
providing valuable information to consensus panels. More recently,
Gordon et al [47] convened an expert panel to evaluate the appro-
priateness of histopathology scoring systems for CD small bowel
strictures. In their work, a bowel wall stricture was histopatho-
logically defined including the histopathological characteristics for
active and chronic mucosal inflammatory diseases. The belief is
that these consensus criteria for bowel stricture CD will standard-
ize macro- and micro-pathological assessment, as well as inform
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development of a validated histopathology score system that can
be used in clinical practice. However, for clinical practice a sim-
pler or synthetic histopathological way to evaluate Crohn’s bowel
strictures may be needed. Knowledge may be gathered from anal-
yses of assessment of histopathological scores for similar fibro-
proliferative diseases, such as liver fibrosis [48].

4.4. Intestinal wall stiffness and histological characteristics of the
stenosis in CD

Clinically, CD is characterized by periods of remission and
episodes of flare. Pathologically, CD is characterized by pronounced
enteric connective tissue and inflammatory changes [49]. Long-
lasting and recurring inflammation causes intestinal thickening,
hardening and narrowing and, in turn stenosis [50]. CD patients
with strictures are at risk for development of intestinal obstruc-
tion [51]. Theoretically, several histological changes may contribute
to the bowel wall thickening and stricturing including fibrosis, hy-
perplasia of fat and/or smooth muscle tissues. Even edema as a
part of inflammation may contribute. Tissue remodeling processes
secondary to an excessive wound healing response are character-
ized by proliferation/differentiation of mesenchymal cells includ-
ing fibroblasts, myofibroblasts and smooth muscle cells, and accu-
mulation of excess extracellular matrix proteins [6]. When these
changes occur in the bowel, wall thickening, and obstruction would
be expected. Therefore, it is important to distinguish the histo-
logical changes. Especially, the fibrostenotics needs to be distin-
guished from inflammation-related bowel wall thickening because
predominantly acute inflammatory stenosis may benefit from med-
ical treatment. In contrast, fibrotic stenosis requires endoscopic
balloon dilation or surgery [7].

In the present study, we found that the stiffness of the wall was
most closely associated with chronic inflammation, fibrosis and the
combination of the two. Analysis of layer contribution indicated
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Fig. 4. The association between the combined material constant AB and scores of histological parameters from the intact wall. (A) chronic inflammation, (B) fibrosis, (C)
muscular hypertrophy, (D) acute + chronic inflammation, (E) chronic inflammation + fibrosis, and (F) scores of all factors. The strongest positive association was found
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confidence intervals

that chronic inflammation in the mucosa layer and fibrosis in the
submucosa and muscle layers contributed mostly to the wall stiff-
ness. Thus, the more chronic inflammation and fibrosis, the stiffer
bowel wall at a stenotic site. Our study demonstrated a strong rela-
tionship between the tissue stiffness and histological change of the
tissue in CD strictures, i.e. the severer the disease, the stiffer wall
of the CD stricture. The finding is consistent with the trend iden-
tified in previous compression studies on the bowel wall stiffness
in CD patients [10-12]. However, it is difficult to compare the me-
chanical constants obtained in this study with the bowel wall stiff-
ness in CD patient in previously published studies since different
mechanical tests and mechanical models were used. Our results
showed that biomechanical parameters potentially can be used as
biomarkers to predict the pathological tissue change in CD patient,
i.e. distension devices used in vivo may provide clinically useful
diagnostic data for clinical decision making.

It is important to assess inflammation and fibrosis of CD bowel
as they closely relate to patient treatment. Accurate evaluation
of the extent and severity of inflammation and/or fibrosis in CD
currently requires histopathological analysis of the bowel wall.
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However, in clinical practice and research, several non-histological
methods are used to assess "inflammation" or "fibrosis” such as
cross-sectional imaging including ultrasonography, CT and MRI
[7,8,52-54]. These cross-sectional imaging techniques can quanti-
tate prestenotic dilation, wall thickening and luminal narrowing.
Hence, useful information can be obtained on the severity and ex-
tent of inflammation and fibrosis in CD disease [52,53].

4.5. Limitations of the study

In the present study, we only investigated the associations be-
tween stiffness and histological characteristics of bowel wall at
stenotic site of CD at a single time point. The remodeling of small
bowel stiffness during the development of the CD were not stud-
ied as function of time. Future studies need to access multiple
sites including normal locations of bowel wall during CD progres-
sion in order to obtain more comprehensive data about the as-
sociation between the development of the stiffness and histolog-
ical characteristics. Furthermore, only 19 patients were included in
the study. Despite the low number of subjects, we found associ-



J. Zhao, D. Liao, R. Wilkens et al.

A
16 1
y = 0.1508x - 4.5332
R =0.533
F=6.758 .
P=0.019
12 °
° LI
=
o
< 8 A
0
<
4 4
0 T ]
0 20 100
Submucosa collagen fraction (x100%)
B
16
y = 0.2134x - 3.2357
R =0.599
F =9.490 o
12 | P =0.007
©
o
< 84
0
<
4 4
0 )
0 80

Muscle layer collagen fraction (x100%)

Fig. 5. Association between the combined material constant AB and fraction of col-
lagen content. The linear regression analysis between the AB with collagen fraction
in submucosa layer (A) and muscle layer (B) are shown. The AB was significantly
associated with the collagen fraction in both the submucosa and muscle layers. R, F
and P values are presented in figures. The dotted lines are 95 % confidence intervals.

ations between key parameters. These associations should be fur-
ther explored in larger studies. In contrast to fibrotic tissue me-
chanical studies on liver [55], we used a step-wise distension pro-
tocol to study the small bowel distension properties and the time-
dependent viscoelasticity of the tissue was not considered. There-
fore, the mechanical constants could be underestimated in this
study. This limitation can be overcome by adding viscoelasticity
into the strain energy function and by conducting continuous ramp
distension protocol in future studies. The applied histological score
was not validated, and the individual scores were not weighted. Al-
though we did not observe any acute tissue damage in the bowel
wall after distension, minor (invisible) lesions may have occurred.
However, such minor lesions would not affect the histology scores.
Furthermore, although the histological analysis methods from Chen
et al [6] to grade histological changes at stenosis site of CD bowel
wall is comprehensive, such analyses may be too complicated to
use in clinical practice. A simpler or synthetic way to distinguish
between inflammation and fibrosis should be determined in future
studies.

In this study, a bag with maximum diameter 30mm was used.
The inner diameters of the small bowel at the stenotic location was
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< 30mm at the highest distension pressure for all tissue samples.
Hence, the bag pressure was identical to the pressure applied to
the stenotic site. Since the dilated small bowel in adults can reach
diameters exceeding 4cm [56], a bigger-sized bag would be needed
for studying non-stenotic sites in future distensibility studies.

We assumed the diseased small bowel tissue as an incompress-
ible (isovolumetric) solid material in this study. This is a reason-
able assumption considering the high-water content in biological
tissues and is based in a fact that the compression modulus of
water is orders of magnitude larger than the distortional stiffness
of tissues [57] and the pressures applied. In this study, all me-
chanical tests were done by submerging the tissue segment into
an organ bath containing standard Krebs solution to maintain a
completely hydrated state. Hence, there was no hydration related
mechanical properties change during the test. The remodeled me-
chanical behavior of the small bowel in CD was described using
mechanical constants from a three-dimensional, isotropic strain-
energy function model. Although the model could quantify the
stiffening of several soft biological tissues at high strains [15,16],
the model cannot quantify the anisotropy of the tissue including
the axial modulus. To explore tissue anisotropic mechanical prop-
erties, the fiber-reinforced anisotropic constitutive model devel-
oped by Holzapfel et al. [58] should be considered by integrating
the collagenous component into the model.

5. Conclusions

We obtained quantitative measures of intestinal mechanical
properties change in CD. Associations between the mechanical re-
modeling and histological characteristics were found in CD steno-
sis. The chronic inflammation and fibrosis are main contributors
for the mechanical remodeling of the bowel wall. The histologi-
cal characteristics in patients with CD can be predicted clinically
by means of inflammation and fibrosis assessment in conjunction
with tissue stiffness measurement.
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