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Background: Gut stiffening caused by fibrosis plays a critical role in the progression of inflammatory bowel disease (IBD) and colon cancer.
Previous studies have characterized the biomechanical response of healthy and pathological gut, with most measurements obtained ex vivo.

Methods: Here, we developed a device and accompanying procedure for in vivo quantification of gut stiffness, termed mechanoscopy.
Mechanoscopy includes a flexible balloon catheter, pressure sensor, syringe pump, and control system. The control system activates the balloon
catheter and performs automated measurements of the gut stress-strain biomechanical response.

Results: A gut stiffness index (GSI) is identified based on the slope of the obtained stress-strain response. Using a colitis mouse model, we
demonstrated that GSI positively correlates with the extent of gut fibrosis, the severity of mucosal damage, and the infiltration of immune cells.
Furthermore, a critical strain value is suggested, and GSI efficiently detects pathological gut fibrotic stiffening when the strain exceeds this value.

Conclusions: Based on these results, we envision that mechanoscopy and GSI will facilitate the clinical diagnosis of IBD.

Lay Summary

Here, we present a novel procedure/device, termed mechanoscopy, which we have demonstrated to accurately detect and differentiate be-
tween fibrosis and inflammation in rodent models of colitis. Thus, mechanoscopy offers a translationally relevant approach for ultrasensitive and
minimally invasive IBD diagnosis.
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INTRODUCTION

Gut stiffening caused by fibrosis is a hallmark of inflammatory
bowel disease (IBD) and colon cancer.!-* Previous studies have
established gut stiffening as a causative factor for the most severe
manifestations of IBD and intestinal strictures.>** Moreover,
stiffening is also reported to facilitate cancer metastasis.®’
Different strategies and devices have been invented and
applied to measure gut stiffness under pathological condi-
tions.>*%% For instance, both an indentation system! and
a MicroElastometer* have been used to determine the stiff-
ness of excised healthy and fibrotic human gut samples ex

measurements or lack adequate resolution, both of which
limit their translational potential. In the present work, we de-
veloped mechanoscopy for the high-resolution quantification
of gut stiffness in vivo.

Mechanoscopy enables the acquisition of iz vivo stress-strain
curves of the gut in a colitis murine model. Ulcerative colitis
(UC) and Crohn’s disease (CD) are the commonest types of
IBD. We defined the gut stiffness index (GSI) based on the local
slope of the stress-strain curves and efficiently applied it to pre-
dict gut fibrosis and IBD severity in mice. These results support
mechanoscopy as a promising avenue for the translational ap-

vivo. Furthermore, Stidham et al, utilizing the ultrasound
elasticity imaging method, demonstrated a 4-fold increase
in the elastic modulus of fibrotic stenotic intestine in IBD
patients (0.96 = 0.25 kPa in healthy intestine compared
with 4.14 = 1.88 kPa in fibrotic intestine).® Although these
studies demonstrate the translational value of gut stiff-
ness for diagnosing IBD, the methods used to quantify gut
stiffness in these studies are primarily conducive to ex vivo

plication of gut stiffness measurement in IBD diagnosis.

METHODS

Mechanoscopy Setup (in vivo and ex vivo)

As constructed, the mechanoscope can be modified for either
in vivo (Figure 1A) or ex vivo testing. Under both iz vivo and
ex vivo modalities, the mechanoscope setup encompasses
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Figure 1. Schematic of real-time gut diameter and stiffness measurement using mechanoscope. A, The mechanoscope includes control system,
pressure transducer, balloon catheter, syringe pump for the balloon inflation/deflation, and gut diameter measurement camera. The control system
coordinates the pressure transducer and gut diameter measurement camera to automatically record real-time pressure and diameter. The gut diameter
measurement module is integrated into the control system, which identifies the gut (green dashed box) and detects the gut edges (green solid line). B,
H&E staining shows that during testing, no damage of mucosa and muscle layer occurs in tested samples compared with an adjacent untested section
of ileum. C, In testing cycles the gut outer diameter, D_ _is recorded in correspondence with total pressure, P, . A test cycle includes 4 phases,

outer total”

balloon activation, inflation, deflation, and balloon residual. The initial diameter (red dashed line) marks the gut diameter at rest prior to testing. D, Gut

pressure (P, ) is calculated after removing balloon residual from P, . No significant differences are detected for P, -D

ut’

and ex vivo testing conditions. E, P as a function of D

gut outer

the following key components: LabVIEW-based control
system equipped with a gut diameter measurement module,
pressure transducer, water-filled balloon catheter, and syr-
inge pump for actuating balloon inflation/deflation. For a
typical in vivo mechanoscopy test, the deflated balloon
catheter is situated inside the gut lumen by surgery. During
testing, the mice are anesthetized using isoflurane as an an-
esthetic agent according to Institutional Animal Care and
Use Committee (IACUC) guidelines. After placing the mice
in supine position, the abdomen is accessed via a U-shaped
incision. For in vivo studies of the jejunum and ileum, small
vertical incisions are made for catheter placement 2 mm
above the positions selected for the ex vivo studies. For in
vivo studies of the colon, the balloon catheter was guided
through the anus and placed at the required positions (prox-
imal, mid, or distal). In the ex vivo setup, 12 mm specimens
were dissected from the middle of the colon, proximal je-
junum (30 mm after the ligament of Treitz), and distal ileum
(5 mm above the cecum), respectively, and flushed with 37°C
phosphate-buffered saline (PBS). The dissected specimens
were mounted in the bioreactor with a closed flow system

tissue response under in vivo

gut "~ outer

are measured from different gut segmentations, jejunum, ileum, and colon samples.

based on oxygenated PBS to ensure intestinal tissue viability
during testing.’

The gut diameter measurement module was customized and
embedded in the software of the control system to ensure cor-
rect registration of pressure (P) and gut outer diameter (D, )
for each measurement. For the gut diameter measurement,
digital images of the gut at the test sites were automatically
sequenced and recorded on camera. Any warp or distortion of
the camera lens was corrected by means of standard dot grid
calibration. The gut diameter measurement module in the
control system used a series of digital images acquired during
testing to identify the gut, detect the gut edges, and then auto-
matically calculate the gut outer diameter (D___ ).

To facilitate gut diameter measurement, a black cloth
was placed under the section of interest to create the
highest contrast background (Figure 1A). Using the con-
trol system, the balloon was inflated at a rate of 0.5 mL/
min under quasistatic loading while the gut outer diam-
eter and balloon pressure were actively measured. The
balloon pressure was recorded at a frequency of 1.9 Hz.
During the inflation phase, the balloon contacted the gut
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lumen and inflated the gut to a predefined maximum ra-
dial stretch. We estimated the maximum physiological cir-
cumferential stretch of the gut by measuring changes in
gut diameter during chyme digestion (2 = 0.25,2.2 = 0.16,
and 2.1 = 0.15 for jejunum, ileum and colon, respectively)
to ensure that the imposed radial stretch remained within
physiological range. Initial gut diameter data were ac-
quired from the average of several real time camera detec-
tions before balloon inflation.

For ex vivo analysis, the sample was housed in a bioreactor
equipped with a PBS-based perfusion/bathing system and a
temperature sensor. The ex vivo balloon inflation/deflation
measurement was identical to that of the previously described
but performed in the bioreactor with perfused PBS at 37°C.
With both the ex vivo and in vivo measurements, five cycles
of inflation-deflation preconditioning up to 60% of the max-
imum radial strain were performed to minimize the viscus
response and variability of the soft tissue.!*!* Following the
preconditioning cycles, three inflation-deflation cycles were
completed and collected during each test for further analysis.
After the in vivo tests, we repeated the measurements with
the ex vivo setup to confirm that the measurements from the
in vivo setup and the ex vivo setup were in accordance with
each other. The animals fully recovered after mechanoscopy
and behaved normally.

Software for Data Analysis

We developed the mechanoscopy software, which is based
on a database of 480 tests, to automatically analyze the
obtained pressure-diameter curves. All information on
software for data analysis is available in the supplemental
materials. The algorithm consists of (1) preprocessing, (2)
stress-strain calculation, and (3) postprocessing. In the
preprocessing phase, following an initialization, any un-
realistic data entry caused by sensor noise is removed via
a thresholding operation. The upper bound of the defla-
tion curves is extracted by detecting the farthest point. In
the software, this data point is identified as the one at the
greatest Euclidean distance from the origin (0,0) in the total
pressure (P )-outer diameter (D_ ) plot. The gut pressure
(P ) was calculated by,

outer

gut)
Pgut:Ptotal -Z (1)

where Z is the residual pressure of balloon calculated based
on the initial intersecting outer diameter and a linear fit of
the plateau region of the deflation curve. To ensure systematic
averaging across multiple iterations, gut pressure (P, ) values
are defined based on groupings within a width of 5 mmHg.
Mean circumferential stress and mean circumferential strain
are then calculated for each measured pressure-diameter data

point as

P gut D inner

Circumferential Stress 0 = —>—————
Douter - Dinner (2)

D inner

Circumferential Strain ¢ = ———————
f D outer, 0 — 2t (3)

where D

outer,0

diameter and the undeformed wall thickness. D.

inner

and ¢ are, respectively, the initial undeformed
is the

deformed inner diameter calculated based on the assumption
of incompressibility.!*!
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(4)

To quantify the gut biomechanical response from the
postprocessing results, the local slope of the stress-
strain curve was defined as the gut stiffness index (GSI).
Interpolation between measured data points was performed
using the Gaussian Kernel Regression model. Then, using
a linear regressor in the “neighborhood” of a given strain,
the GSI was calculated. The neighborhood radius is a
hyperparameter that can be modified by the user, and here it
was set to a default value of 1.

Mice

A total of 40 25-30-g 10-week-old male C57BL/6] male
mice were procured (The Jackson Laboratory, Bar Harbor,
ME). The animals were housed and maintained on a
12-hour light/dark cycle with access to food and water ad
libitum. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of
the Massachusetts General Hospital and met the guide-
lines of National Institutes of Health (NIH). The mice
were divided into 4 groups comprising 2 disease models
(acute colitis and chronic colitis) and a control group for
each.

DSS-induced Colitis

The colitis murine model was developed by introducing dex-
tran sulfate sodium (DSS) in drinking water over a controlled
regimen and duration.!*'$ Acute colitis was developed by ad-
ministering 3% (wt/vol) DSS (molecular weight 36-50 kDa,
MP Biomedicals, Irvine, CA) in drinking water for 7 consecu-
tive days (Figure 2A)." To induce chronic colitis, DSS was
administered 1 week followed by normal water for 2 weeks
for a total of 3 cycles (Figure 2A).'" Control groups in-
cluded age- and sex-matched animals that were only given
normal water. Animals were observed daily for body weight,
water/food consumption, stool consistency, and presence of
blood in feces and around the anus. The animals showed signs
of inflammation (eg, body weight loss, blood in stools, and
piloerection) approximately 5 days after the initiation of DSS
administration, which fully resolved by the end of the first
recovery week.

Histology

After the mechanoscope measurement, tissue samples from
the jejunum, ileum, and colon collected from the tested/
untested site were fixed in 10% formalin and further pro-
cessed for histological studies. Following sectioning at 5-pm
thickness, prepared sections were deparaffinized and then
stained with hematoxylin and eosin (H&E), Masson’s tri-
chrome, and the DAPI-TRITC combination for collagen IV
staining.?*>3 Image ] was used to calculate the fibrosis score
and immunefluorescent intensity.

Calculation of Correlation Coefficient

The correlation coefficient was calculated based on the cor-
relation function,
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Figure 2. Gut diameter and gut stiffness index (GSI) for potential inflammation diagnosis. A, lllustration for the acute colitis model and the chronic colitis
model. B, The stress-strain responses acquired from the deflation phase of colon show no significant difference between healthy group and acute
colitis group. Gray areas show standard deviation. C, Beyond the critical strain at a level of 1.5, chronic colitis group shows significant colon stiffening
compared with the healthy group. D, GSl is defined as the local slope of stress-strain curve at ¢ = 1.6 and normalized with respect to the healthy group.
Gut stiffness index shows slight decreases for the acute group, but not significant decreases. However, GSI significantly increases about 1.8 times

for chronic group. E, Compared with the healthy group, the chronic colitis colon significantly thickened 42%. F, Compared with the healthy group, the
gut initial outer diameters increase significantly for both the acute and chronic groups. The chronic colitis group shows a greater increase (n = 5, *V.S.

healthy group, P < .05, Student t test).
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where X and ¥ are, respectively, the average of the data x and
data y.

Corre (X,Y) =

(5)

RESULTS

Mechanoscope

The mechanoscope for gut stiffness measurement comprises
a control system, a pressure transducer, a water-filled balloon
catheter, a syringe pump for the balloon inflation/deflation,

and a diameter-detecting camera and gut diameter measure-
ment module. (Figure 1A). The control system was developed
based on LabVIEW (National Instruments, Austin, TX) with
the following functions: (1) initiate communication with
various system components (sensors and actuators); (2) ac-
tuate mechanical components (balloon inflation/deflation);
(3) interact with operator via a graphic interface and real-
time visualization of diameter measurement, user inputs, and
errors, (4) automate repeatable tasks; and (5) tabulate data
for further analysis (Figure 1A). The pressure and gut diam-
eter were measured in real-time at a frequency of 1.9 Hz (114
times per minute).

To verify the safety of the gut stiffness measurement using
the mechanoscope, after the measurement, ileum samples
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from the test sites and the sites adjacent to them were col-
lected for H&E staining (Figure 1B). No damage was detected
in the samples from the test sites. The intact crypt-villus archi-
tecture and the continuous structure of the submucosa and
muscle were maintained (Figure 1B).

In testing cycles, the gut outer diameter D____was recorded
in correspondence with total pressure P in the balloon
probe. Four phases were included in each testing cycle: bal-
loon activation, inflation, deflation, and balloon residual.
Figure 1C shows a representative inflation-deflation curve
based on P and D___ at a steady state.

The gut pressure (P, ) was given by subtracting the balloon
residual from P__. In each test, the gut pressure (P and the
corresponding outer diameter (D) from the deflation curve
were used for the gut stiffness measurement. We performed
the mechanoscope ex vivo and in vivo for ileum samples from
20-week-old healthy mice (Figure 1D). The P, -D . curves
were acquired following 5 systematic preconditioning cycles.
The in vivo and ex vivo results were in accordance with one
another, verifying the repeatability and accuracy of the in vivo
measurement using the mechanoscope. The in vivo setup was
leveraged to record gut biomechanical response for the re-
maining experiments, which were then verified with the ex
vivo setup.

Jejunum, ileum, and colon were used to examine whether
the mechanoscope is capable of producing gut segment-
specific biomechanical response. Each segment exhibited a
distinct pressure-diameter curve when P changed from 0 to
40 mmHg (Figure 1E).

Diagnosis Using the Mechanoscope for Colitis with
both Acute and Chronic Phases in Mice

We applied the mechanoscope technology to diagnose dex-
tran sulfate sodium (DSS)-induced acute and chronic colitis in
mice. Acute colitis was induced by the administration of 3%
DSS in drinking water for 1 week (Figure 2A). Chronic colitis
was induced by 3 cycles of DSS administration. Each cycle
included 1 week of 3% DSS (in drinking water) followed by
2 weeks of recovery (Figure 2A). Colon is the most affected
tissue during DSS-induced colitis,>*?” and colon biomech-
anical properties were measured using the mechanoscope.
In the case of DSS-induced acute colitis, the stress-strain re-
sponses (Equation 2 and Equation 3) nearly overlapped with
the healthy control group, suggesting there was no signifi-
cant difference between the healthy and acute colitis groups
in terms of gut stiffness (Figure 2B). However, in the case of
chronic colitis, at strains € > 1.5, the stress-strain response ex-
hibited a more severe stiffening property (more abrupt slope
of the stress-strain curve) compared with the healthy group
(Figure 2C). This result provided a critical divergence point
for distinguishing the stress-strain response in chronic colitis,
which is at € = 1.5. Beyond this point, the colon of the chronic
colitis group became more stiffened than the healthy group.
Thus, reaching the critical strain level is required for detecting
the divergent biomechanical response in chronic colitis. The
local slope of the stress-strain curves was used to define the
gut stiffness index. Compared with the healthy control, when
a GSI measured at ¢ = 1.6, it showed a nonsignificant change
for the acute group, but significantly increased about 1.8
times for the chronic group (Figure 2D).

In addition, compared with the healthy group, the wall
thickness of the chronic colitis colon increased by 42%

(Figure 2E). The initial outer diameter D of the colon
increased by 8.6% in the acute colitis group, whereas it in-
creased by 19.3% in the chronic colitis group (Figure 2F).
The thickening of the colon wall and the greater increase of
the colon outer diameter observed in chronic colitis were ac-
companied by colon stiffening (Figures 2D-F).

Colon GSI was positively correlated with tissue fibrosis
and severity of the DSS-induced colitis (Figure 3). In both
acute and chronic models, disease induction was character-
ized by body weight loss, appearance of diarrhea, and visible
fecal blood. The most recurring and severe symptoms were
observed in the chronic model during the last DSS feeding
cycle. Hematoxylin and eosin staining showed that compared
with the healthy and acute colitis groups, the damage of colon
mucosa and immune cell infiltration were most severe in the
chronic groups (Figure 3A). As a sign of fibrosis, collagen de-
position was much greater for the chronic colitis group com-
pared with the acute colitis group, as shown on both Masson
Trichrome staining (Figure 3B) and collagen-IV immuno-
fluorescent staining (Figure 3C).

Based on the Masson Trichrome staining (Figure 3B) and
the collagen immunofluorescent staining (Figure 3C), we
calculated the fibrosis score (FS, Figure 4A), the normalized
collagen deposition intensity (CDI, Figure 4B), and their cor-
relation coefficient with GSI. For FS, “0” is scored for no fi-
brosis; and the higher the score, the more severe the fibrosis.?®
Although there were no significant differences between
healthy colons and acute colitis colons with respect to the FS
and CDI, they were both significantly greater in the chronic
colitis colon (Figures 4A and B). Moreover, in the acute colitis
colon, the correlation coefficients of the FS vs GSI and CDI
vs GSI were -0.43 and -0.03, respectively, suggesting an ab-
sence of any correlations between the GSI and fibrosis severity
(Figures 4C and D). For the chronic colitis colon, the correl-
ation coefficients were 0.87 (for FS vs GSI, Figure 4E) and
0.92 (for CDI vs GSI, Figure 4F), indicating that the GSI score
was strongly and positively correlated with fibrosis severity
in the chronic colitis group. Therefore, the quantification of
colon biomechanical score GSI using the mechanoscope can
be potentially exploited for the diagnosis of gut fibrosis and
determining the severity of the pathological damage induced
by IBD.

Diagnosis Using the Mechanoscope for Different
Sites of Colon with Chronic Colitis

Using the mechanoscope, we diagnosed the nonuniform
region-dependent development of chronic colitis in mouse
colon. The biomechanical response of the proximal colon
and the distal colon were measured (Figure SA). After the
measurement, the tissues from the same corresponding sites
were collected for histology analysis (Figure 5B). The in situ
in vivo stress-strain responses showed that compared with
the proximal colon in the same mice with chronic colitis,
stiffening (slope of the stress-strain curves) was more se-
vere in the distal colon (Figure 5A). Gut stiffness index at
€ = 1.6 increased by 19% in the distal colon compared with
the proximal colon (Figure 5B). Correspondingly, com-
pared with the proximal colon, the collagen deposition and
the mucosa damage in the distal colon were more severe
(Figures 5C and 5D). The correlation coefficient of CDI vs
GSI across the proximal and distal colon is 0.90 (Figure
5E), suggesting the increase of GSI is strongly and positively
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Figure 3. Gut stiffness index predicts the mouse colon fibrosis in chronic colitis. A, H&E staining, (B) Masson trichrome staining, and (C) collagen IV
immunofluorescent staining from the healthy group, acute colitis group, and chronic colitis group, respectively. Compared with the healthy group and
the acute colitis group, the GSI score is greater in the chronic colitis group. Correspondingly, the epithelial deterioration, collagen deposition, and tissue

thickening are most severe in the chronic colitis group (n = 5).

correlated with the increase of fibrosis severity in the distal
colon.

DISCUSSION

Unlike previous methods characterizing biomechanical re-
sponse of gut in vitro or ex vivo, we invented a novel strategy
for measuring gut stiffness in vivo, called mechanoscopy.
Using mechanoscopy, we can quantify gut stress-strain curves
and score gut stiffness via the GSI, which is based on the slope
of the stress-strain curves. When comparing acute colitis with
chronic colitis or when comparing different regions of colon
in chronic colitis, we showed that the higher the GSI, the
greater the extent of gut fibrosis, the more severe the colon
mucosal damage, and the more excessive the infiltrated im-
mune cells. Based on these positive correlations between GSI

and IBD severity, GSI and mechanoscopy could potentially be
applied in IBD diagnosis. In addition, we demonstrated that
the operation of mechanoscopy occurs under physiological
loading conditions without inducing any tissue damage.
Using the DSS-induced colitis mouse model, we observed
that the stress-strain response significantly diverged towards
higher stiffness in the case of chronic colitis compared with
healthy control. Further, the magnitude of the strain had to
exceed a critical value (¢ = 1.5) to identify the divergence.
Prior to reaching this strain level, the differentiation of the
biomechanical response was not significant between the
healthy control and chronic colitis model. This could be ex-
plained if one envisions that beyond the critical strain, the
fibrotic collagen switches configuration from an undulated
state to a straight and tension-loaded state, thus contributing
to stiffening at high strain levels.'>?*-! These results suggest
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that stiffening of the pathological fibrotic gut can be detected
only when it surpasses the critical strain threshold (¢ = 1.5).

Although no significant difference was detected in the GSI
of acute colitis vs healthy tissue, there was a mild increase in
the outer diameter of the colon in the acute colitis condition. In
chronic colitis, the GSI, colon wall thickness, and colon outer
diameter were all significantly increased. Thus, we propose two
variables could be used to detect colitis, gut outer diameter (geo-
metric variable), and GSI (biomechanical response variable). An
increase of only the gut outer diameter suggests inflammation
without gut stiffening, whereas an increase of both the outer
diameter and GSI suggests more severe inflammation with gut
stiffening. Taken together, these findings support mechanoscopy
as a promising avenue for the translational application of gut
diameter and stiffness measurement in IBD diagnosis.
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