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Background: Conventional magnetic resonance enterography is limited in differentiating active
inflammation and fibrosis in lesions of Crohn’s disease (CD), thus providing a restricted basis for therapeutic
decision making. Magnetic resonance elastography (MRE) is an emerging imaging tool that differentiates
soft tissues on the basis of their viscoelastic properties. The aim of this study was to demonstrate the
feasibility of MRE in assessing the viscoelastic properties of small bowel samples and quantifying differences
in viscoelastic properties between healthy ileum and ileum affected by CD.

Methods: Twelve patients (median age: 48 years) were prospectively enrolled in this study between
September 2019 and January 2021. Patdients of the study group (n=7) underwent surgery for terminal ileal
CD, while patients of the control group (n=5) underwent segmental resection of healthy ileum. MRE of ileal
tissue samples of surgical specimens from both groups was performed in a compact tabletop MRI scanner.
Penetration rate (¢ in m/s) and shear wave speed (¢ in m/s) were determined as markers of viscosity and
stiffness for vibration frequencies f of 1,000, 1,500, 2,000, 2,500, and 3,000 Hz. Additionally, damping ratio
y was deduced, and frequency-independent viscoelastic parameters were calculated using the viscoelastic
spring-pot model.

Results: Penetration rate a was significantly lower in CD-affected ileum compared to healthy ileum for all
vibration frequencies (P<0.05). Consistently, damping ratio y was higher in CD-affected ileum, averaged over
all frequencies (healthy: 0.58+0.12, CD: 1.04=0.55, P=0.03), as well as at 1,000 and 1,500 Hz individually
(P<0.05). Spring-pot-derived viscosity parameter # was also significantly reduced in CD-affected tissue
(2.62£1.37 versus 10.60+12.60 Pa-s, P=0.02). No significant difference was found for shear wave speed ¢
between healthy and diseased tissue at any frequency (P>0.05).
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Conclusions: MRE of surgical small bowel specimens is feasible, allowing determination of viscoelastic

properties and reliable quantification of differences in viscoelastic properties between healthy and CD-

affected ileum. Thus, the results presented here are an important prerequisite for future studies investigating

comprehensive MRE mapping and exact histopathological correlation including characterization and

quantification of inflammation and fibrosis in CD.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) represent
the two forms of inflammatory bowel disease (IBD) that are
both characterized by inflammation of the gastrointestinal
tract (1). Over the last decades, the prevalence of IBD has
substantially increased in many countries and regions,
which poses a substantial and growing social and economic
burden on governments and health systems (2). In patients
with CD, symptomatic intestinal strictures are caused by
current active inflammation, chronic fibrosis after repeated
or persisting inflammation, or a mixture of both active
inflammation and fibrosis (3).

The most established and accurate imaging modality
for detection of intestinal strictures in CD and treatment
planning is magnetic resonance enterography (4). Primarily
inflammatory strictures are treated by anti-inflammatory
medication, whereas primarily fibrotic strictures require
endoscopic intervention or surgery. However, the ability
of conventional magnetic resonance enterography to
differentiate active inflammation and fibrosis within
strictures is limited and, thus, the basis for treatment
decisions is restricted (4). Therefore, to ensure sound
therapeutic decision making, new imaging techniques that
allow exact characterization of CD-affected intestinal tissue
are required. A potential candidate is elastography—an
image-based tool for the differentiation of soft tissues on
the basis of their specific viscoelastic properties (5).

Elastography comprises a medical imaging technique
such as magnetic resonance imaging (MRI) or ultrasound
(US), mechanical vibrations in the audible range to
induce shear waves in the tissue of interest, and inversion
algorithms to generate stiffness maps from shear wave
patterns (5). In the field of ultrasound elastography (USE),
strain elastography (6-10) and shear wave elastography
(7,11-14) have been used to determine tissue stiffness.
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Data from pilot studies suggest that USE can supplement
the evaluation of bowel strictures in CD patients for
the detection of fibrosis (6-9,11,14) and, in conjunction
with other US imaging modalities, contribute to the
differentiation of fibrosis and inflammation (9,13).

For magnetic resonance elastography (MRE), a number
of studies investigating disorders of abdominal organs
such as liver (15-22), spleen (23-25), kidney (26-29), and
pancreas (30-34) have been performed. However, studies
investigating MRE of the gastrointestinal tract are limited.
Initial work has shown that viscoelastic parameters are
altered in the inflammatory phase of acute appendicitis (35).
Subsequent studies demonstrated the feasibility of in vive
intestinal MRE in IBD, reporting altered stiffness in
suspected fibrotic CD lesions (36,37). Compared with USE,
MRE has higher accuracy due to acquisition of full 3D
wave fields (5) and allows straightforward determination
of viscosity as an additional potential biomarker for
inflammatory diseases (38-40).

In this study, we performed MRE on surgical specimens
of healthy terminal ileum and terminal ileum affected by
CD using a compact tabletop MRI device that provides
volume-based stiffness and viscosity parameters in small
tissue samples (41,42). Overall, our study aims at providing
reference values for viscoelastic properties of the normal
human terminal ileum and investigating how they change
in the presence of CD lesions towards the development of
MRE as a new imaging modality for exact differentiation of
CD lesions.

Methods
Patients

In this prospective single-center study, a total of 12 patients
were included. The patients in the study group (n=7)
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Figure 1 Sample preparation for MRE examination from surgical specimen. (A) Example of entire surgical specimen of a segmental

resection of healthy ileum during closure of a protective ileostomy. (B) Removal of a circular segment of ileum from the entire specimen,

an empty sample tube is shown in the foreground. (C) Placement of the circular segment of ileum by pulling it into the sample tube using a

surgical thread. (D) Sample tube with inserted tissue sample connected to piezo actuator. MRE, magnetic resonance elastography.

underwent surgery due to terminal ileal CD. The patients in
the control group (n=5) underwent segmental resection of
healthy ileum during closure of a protective ileostomy. All
patients underwent surgery at the Department of Surgery,
Campus Benjamin Franklin, Charité — Universititsmedizin
Berlin, Germany, between September 2019 and January
2021. Inclusion criteria were an adequate segment of ileum
affected by CD in the study group and of healthy ileum
in the control group based on macroscopic intraoperative
inspection by the study surgeon. Exclusion criterion was an
age of <18 years at the time of surgery. The MRE findings
in a specimen from a thirteenth patient were excluded due
to a defective cable connection between the scanner and
the computer. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by the ethics committee of the Charité -
Universititsmedizin Berlin (No. EA4/007/19), and written
informed consent was obtained from each patient.

Surgical specimens and sample preparation

Patients in the study group underwent either ileocecal
resection due to ileocecal CD or resection of an
ileotransversostomy in cases with a history of prior ileocecal
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resection. The control group consisted of patients with
segmental resection of healthy ileum during closure of a
protective ileostomy. For each patient, the entire surgical
specimen was macroscopically inspected directly after
removal by the study surgeon to visually identify areas of
ileum affected by CD (study group) and healthy ileum
(control group). From the areas identified in this way,
circular segments of ileum measuring 7.5 mm in width were
surgically removed by the study surgeon and prepared for
MRE investigation (Figure 14,1B). The remaining specimen
was formalin-embedded for routine histopathological
evaluation. The circular tissue sample was picked up
with a surgical thread and carefully transferred into the
sample tube (length, 200 mm, outer diameter, 9 mm, inner
diameter, 7 mm) (Figure 1C). After sealing with plastic plugs
to prevent drying, the sample tube was connected to the
piezo actuator (Figure 1D) and inserted into the magnet
of the scanner (Figure 2). MRE examination was initiated
within 30 minutes of specimen resection in all cases
included in this study.

MRE

As described in detail in the study by Braun ez al. (41), a
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Figure 2 Setup of the Benchtop MRI scanner customized for
automated MRE exams. (A) Mounting for the piezo-based driver
with inserted sample tube (see also Figure 1D). (B) 0.5-T permanent
magnet. (C) MRI control unit. (D) External gradient amplifier
supplying imaging gradients and piezo driver. (E) Computer for
scanner control and image calculation. MRI, magnetic resonance

imaging; MRE, magnetic resonance elastography.

tabletop MRI scanner (Pure Devices GmbH, Wiirzburg,
Germany) with a 0.5-T permanent magnet with a 10-mm
bore was customized for MRE by a four-channel external
gradient amplifier (DC 600, Pure Devices GmbH,
Wiirzburg, Germany) and an integrated MRI system-
controlled piezoelectrical driver (Piezosystem Jena
GmbH, Jena, Germany). The vibration frequencies used
for shear wave induction were empirically determined
in a preparatory examination based on the mechanical
properties of ileum. The lower frequency limit was chosen
so that the observed shear wavelength was approximately
equal to the radius of the test tube. The upper frequency
limit was determined by the damping property of the tissue
so at least one shear wavelength was visible. These limits
resulted in frequencies f of 1,000, 1,500, 2,000, 2,500, and
3,000 Hz which were consecutively induced from the walls
of the sample tube, generating concentric shear waves
emanating towards the center of the tissue. Wave images
were acquired using a spin-echo-based MRE sequence (41)
with trapezoidal bipolar motion-encoding gradients (MEGs)
of 0.2 T/m amplitude, polarized along the cylinder axis
(thru-plane) and synchronized to vibration frequency f;
20 ms encoding time was set for all frequencies, resulting
in a variable number of MEG cycles from 20 to 60 for
frequencies from f=1,000 to 3,000, respectively. Further
acquisition parameters were: repetition time (T'R): 700 ms,
echo time (TE): 30 ms, field of view (FoV): 9.6x9.6 mm’,
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matrix size: 64x64, in-plane resolution: 150x150 pm’, and
slice thickness: 3.0 mm. The total acquisition time for all 5
vibration frequencies, each of which sampled with 4 wave
dynamics, was approximately 15 min per sample.

According to the study by Tzschitzsch ez al. (43), shear
wave speed (c in m/s) and penetration rate (a in m/s)
as markers of stiffness and viscosity were calculated by
fitting the analytical solution of shear waves in a z-infinite
cylinder (44) from the complex-valued wave images after
phase unwrapping and temporal Fourier transformation.
Damping ratio y=G/2G, with G and G" denoting the real
and imaginary part of the complex shear modulus G', was

derived from ¢ and # by:
Gt
(1_1-1) [1]
¢ 2ra

with the density p of the tissue samples (1,000 kg/m")
(5,45). Additionally, frequency-independent viscosity 7 and
dimensionless power-law exponent a were derived from the
dispersion of ¢ and # using Eq. [1] and the two-parameter
viscoelastic spring-pot model (5):

G =un (i) 2]

Here, 1 and 5 represent linearly dependent fit variables,
which can be converted to an independent parameter
of elasticity or viscosity by assuming either a specific
viscosity or shear modulus (5). Further information and an
introductory overview of the current state of development
of elastography including preclinical as well as clinical
applications can be found in the study by Sack (45).

Statistical analysis

Values were reported as median + mean absolute deviation
(MAD). The MAD indicates how far the samples deviate
from their median on average and is calculated as follows:

MAD =l§n:|xi ~%| 3]

nig

with 7 elements and the median X of the sample. A two-
sided Wilcoxon rank sum test (Matlab Statistics and
Machine Learning toolbox R2020b, The MathWorks,
Inc., Natick, Massachusetts, USA) was applied for the
comparison of continuous distributions with equal medians.
For calculation of the diagnostic accuracy of the respective
viscoelastic parameters, area under the receiver operating
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Table 1 Demographic and clinical characteristics of patients

Characteristics Number
Patients 12

CD 7

Control group 5
Age

Median age (years) 48

Age range (years) 34-68
Sex, n (%)

Female 6 (50.0)

Male 6 (50.0)
Time between initial diagnosis of CD and surgery

Median (years) 18

Range (years) 16-37
Medical therapy for CD at time of surgery, n (%)

Prednisone 2 (28.6)

Mesalazin 1(14.3)

Azathioprine & antibodies (adalimumab, infliximab) 2 (28.6)

None 2 (28.6)

CD, Crohn’s disease.

characteristic curve (AUC) analysis with 95% confidence
interval (CI) was performed (IBM SPSS Statistics for
Windows, Version 25.0, IBM Corp., Armonk, New
York, USA). For significance testing, a P value <0.05 was
considered to indicate a statistically significant difference.

Results

Demographic and clinical characteristics of the patients
included are summarized in Table 1. For healthy ileum
and ileum affected by CD, shear wave speeds ¢ and shear
wave penetration rates # were calculated for all vibration
frequencies from the respective complex wave images
(Figure 3) by fitting to the averaged radial profile of the
complex wave field maps. Visual inspection alone already
revealed consistent differences with a higher penetration
rate for ileum samples affected by CD while no apparent
oscillations were visible, indicating critical damping (17).
Table 2 summarizes all frequency-dependent values of ¢, 4,
and damping ratio y. Figure 4 shows group values of ¢, 4,
and y for all vibration frequencies for ileum aftected by CD

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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and the control group of healthy ileum. Specimens affected
by CD were found to have a significantly lower viscosity-
related penetration rate # (Figure 4A4) than healthy ileum
(P<0.05) for all vibration frequencies, reflecting a higher
viscous attenuation. Consistently, damping ratio y was
higher in CD than healthy specimens, both averaged over
all frequencies (healthy: 0.58+0.12, CD: 1.04+0.55, P=0.03)
and with significance at 1,000 and 1,500 Hz (Figure 4B).
No significant difference was observed for stiffness-related
¢ (Figure 4C) between healthy ileum and ileum affected by
CD at any frequency.

Figure 5 presents the analysis of the frequency dispersion
of ¢ and # for one sample each of healthy (Figure 54) and
CD-affected tissue (Figure 5B), obtained by fitting the
rheological spring-pot model to the experimental data. This
fractional power-law model (5) is based on two independent
parameters when assuming a specific shear modulus
(u=1 kPa): (I) the dimensionless power-law exponent a that
ranges between 0 (the limit of elastic-solid behavior) and 1
(the limit of viscous-fluid behavior) and (II) the viscosity-
related parameter # with the unit of Pa-s. Values of a and
n are also summarized in Table 2. The power-law exponent
a in CD-affected ileum (a=0.73+0.06) was significantly
higher compared to healthy ileum (a=0.55+0.05, P=0.02,
Figure 6A4). Additionally, with values larger than 0.5, a
indicated predominantly viscous properties of both healthy
and CD-affected ileum. Consistent with our frequency-
resolved analysis of penetration rates # and damping ratio y,
the spring-pot model showed # to be significantly reduced
in CD-affected tissue compared to healthy control tissue
(2.62+1.37 vs. 10.60+12.60 Pa-s, P=0.02) (Figure 6B).

Diagnostic accuracy for the prediction of CD was
calculated based on # with an AUC of 0.94 (95% CI: 0.81-
1.00) at 1,000 Hz, 1.00 (95% CI: 1.00-1.00) at 1,500 Hz, 0.91
(95% CI: 0.74-1.00) at 2,000 Hz and 0.86 (95% CI: 0.62-
1.00) at 2,500 Hz and 0.86 (95% CI: 0.64-1.00) at 3,000 Hz
(P<0.05). Based on #, diagnostic accuracy for the prediction
of CD was AUC =1.00 (95% CI: 1.00-1.00, P<0.01).

Discussion

To the best of our knowledge, this is the first study
investigating resected intestinal sections from CD patients
using multifrequency MRE and analyzing elastic and viscous
tissue properties. The setup we used in this study was less
biased than other inversion-based MRE techniques (46)
due to the cylinder geometry of the samples and the noise-
insensitive, analytical solution for elasticity reconstruction.

Quant Imaging Med Surg 2023;13(5):2895-2906 | https://dx.doi.org/10.21037/qims-22-1071



2900 Loch et al. MR elastography of the small bowel in CD

1000 Hz 1500 Hz 2000 Hz 2500 Hz 3000 Hz

>
<
=
©
(]
T 5 15
S 10
£ 05
c
8 0.5 oAl \ v \ 4 —rea
5 \ | |[—Imag
8 -1.0 —Magnitude
15+ T T T T T T 1 T T T T T T 1 T T T T T T 1 T T T T T 1
0.005101520253035 0005101520253035 0.005101520253.035 0.00510152.0253.03.5
[a]
o -

Deflection in rad

_10 T T T T T T T 1 T T T T T T 1
0.005101520253035 00051.01520253035 0.005101520253035 00051.01520253.035 0.0051.0152.0253.035
Radius in mm Radius in mm Radius in mm Radius in mm Radius in mm

Figure 3 Experimental wave images and fit of wave numbers. For healthy tissue (top two rows) and tissue affected by CD (bottom two
rows), the real part of the complex-valued wave images after unwrapping and temporal Fourier transformation are depicted for all vibration
frequencies, respectively. Fits of complex wave profiles based on Bessel functions are shown below the wave images. From the fitted complex
wave number shear wave speed ¢ and penetration rate a are calculated. Already by visual inspection, consistent differences of a decreased
penetration rate (higher damping) for CD affected ileum can be identified. CD, Crohn’s disease.

Table 2 Summary of calculated viscoelastic parameters for each specimen

cinm/s ainm/s Damping ratio y Spring-pot model

1,000 1,500 2,000 2,500 3,000 1,000 1,500 2,000 2,500 3,000 1,000 1,500 2,000 2,500 3,000 7inPas a

Pat-ID

Healthy ileum

1 352 3.61 436 455 492 134 150 155 141 153 051 045 056 0.70 0.69 10.60 0.55
2 432 489 545 543 561 168 1.67 2.04 221 159 049 060 052 046 0.82 29.22 0.53
3 428 472 453 449 463 157 153 118 1.06 1.05 053 065 098 124 1.38 8.56 0.59
4 517 537 5.15 514 525 171 179 203 211 194 063 062 048 046 0.53 48.93 0.49
5 352 3.88 4.73 497 581 143 1.44 134 142 137 046 053 082 081 1.24 6.06 0.65

lleum affected by CD

6 1.50 141 221 206 271 047 042 074 058 061 051 045 056 0.70 0.69 0.35 0.73
7 254 280 3.18 3.19 390 073 080 0.72 0.79 0.76 049 0.60 0.52 046 0.82 1.10 0.74
8 390 541 691 649 706 154 141 165 142 145 053 065 098 124 1.38 5.43 0.77
9 399 444 531 541 531 117 078 091 1.01 1.03 063 062 048 046 0.53 2.62 0.79
10 3.84 430 413 531 500 113 110 098 121 140 046 053 0.82 081 1.24 4.36 0.68
11 260 3.17 331 366 356 082 092 095 1.09 094 051 045 056 0.70 0.69 2.31 0.63
12 274 268 395 338 361 085 1.04 114 122 111 049 0.60 052 0.46 0.82 3.58 0.58

CD, Crohn’s disease.
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Figure 4 Boxplots of frequency-dependent parameters for the groups of healthy and CD-affected ileum for all vibration frequencies. (A)

Shear wave penetration rate a. (B) Damping ratio y. (C) Shear wave speed c. Significant differences between the groups were found for a and

damping ratio y as indicated by bars with associated P values. CD, Crohn’s disease.
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parameters viscosity # and structure parameter « of the spring-pot model (see Methods section). SP, spring-pot; CD, Crohn’s disease.

The consistency of our method was confirmed in a well-

characterized tissue-mimicking phantom providing values
in agreement with shear oscillatory rheometry (47). Due
to this consistency, tabletop MRE was used in previous
studies (41,48-50) as a reference method and was employed
here without further calibration. Shear wave speed ¢,
shear wave penetration rate #, and damping ratio y were

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

determined as surrogate markers of stiffness, viscosity,

and dissipation, respectively. Tissue areas affected by CD
showed a lower penetration rate and higher damping ratio
than areas without CD. Consistent with the observed
higher spring-pot-based viscosity and power-law exponent,
these findings suggest that viscous properties of ileum tissue

are significantly altered in the presence of CD. In patients,
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Figure 6 Boxplots of the two frequency-independent spring-pot model parameters for the groups of healthy and CD affected ileum.

(A) Dimensionless power-law exponent a. (B) Viscosity-related parameter #. Both show significant differences indicated by bars with

corresponding P values. CD, Crohn’s disease.

MRE measures values that can be converted to the higher
frequency range used in this study by using viscoelastic
models (45). MRE in chronic IBDs was performed in
a frequency range between 40 and 70 Hz and based on
tomoelastography reconstruction (37).

Compared to MRE findings reported in the literature
for other soft tissues, we observed an unusually high
damping ratio of y>0.5 in healthy samples and even
exceeding 1 in CD specimens, suggesting critical damping
of the induced oscillations. Lower values on the order of
y=0.22 were reported for brain tissue (51) in the lower
frequency range of in vivo MRE (60 Hz) while ¢ and «
values reported for liver tissue in a similar frequency range
as used in our study were around 0.35 (52). This marked
dissipative behavior of intestinal tissue seems to reflect the
functional property of mechanical flexibility and mucus
production of intestinal walls.

The lower penetration rate we observed in inflamed
intestinal tissue is consistent with published data.
Marticorena et al. (35) showed a significantly increased loss
angle (which his related to ) in acute appendicitis, consistent
with Reiter ez al. (37), who showed an increased loss angle
in patients with IBD. A direct comparison of quantitative
values obtained with in vivo MRE and tabletop MRE is
hampered by the different frequency ranges. Especially, soft
tissues with predominantly viscous properties, such as the
ileum specimens investigated in our study, display marked
dispersion of shear wave speed and wave penetration,
resulting in higher values at higher frequencies.

Published data indicate that a change in viscosity of
soft tissues due to inflammation seems to correspond to
an active early stage of inflammatory responses whereas

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

changes in stiffness occur during a chronic fibrotic stage
(36,38,40). Both in CD-related fibrogenesis and in liver
fibrosis, active inflammatory responses precede fibrosis
(53,54). However, in most intestinal areas affected by CD,
the nature of affection is mixed (3). Thus, in predominantly
chronic disease (i.e., fibrosis), there is usually some level
of active inflammation and vice versa. Consistent with the
significant change in viscosity we observed here, all ileum
samples affected by CD used in our study showed primarily
active inflammatory aspects of CD manifestation based on
macroscopic evaluation by the study surgeon. On the other
hand, the long median interval between initial diagnosis
of CD and surgery of 18 years in our study patients makes
chronic changes such as fibrosis with higher stiffness very
likely. In Reiter ez al. (37), this aspect appears to be reflected
by an increase in stiffness that accompanies the changes
of viscous attenuation in the investigated tissue affected
by CD. In contrast, in the present study, differences in ¢
did not reach significance, which is consistent with the
results of some USE studies. While Baumgart ez 4/. (6) also
observed higher stiffness in regions affected by CD, Chen
et al. (11), Serra et al. (10), and Lu ez /. (13) did not observe
a correlation of stiffness with fibrosis scores. Instead, Lu
et al. (13) found increased stiffness of intestinal walls to
correlate with smooth muscle hypertrophy. As smooth
muscle hypertrophy plays a major role in the development
of fibrostenotic CD (55), the lack of muscle activity in our
ex vivo specimens could explain that tissue stiffness was not
significantly altered. Overall, these results underline the
need to systematically investigate different confounding
factors that influence viscoelastic parameters in intestinal
tissues altered by CD.
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Beyond stiffness, our study provides evidence that
viscosity is a potentially sensitive imaging marker in CD.
The accuracy for diagnosing the involvement of CD in
terminal ileum was good (AUC >0.86) to high (AUC
=1.00) for frequency-averaged a and spring-pot-based #,
respectively. This analysis is consistent with AUC =0.84 for
the diagnosis of IBD by in vivo MRE based on the loss angle
of the complex modulus (37).

Although we obtained encouraging results, the present
study has limitations. First, we did not perform histological
characterization and quantification, which limits our
interpretation of parameter changes with respect to
inflammation and fibrosis. Next, our group sizes were
small. Investigation of larger groups combined with
histopathological analysis would improve the statistical
power of the results and better allow to disentangle the
respective effects of active inflammation and fibrosis on
stiffness and viscosity. However, intraoperative macroscopic
evaluation by the surgeon is a standard procedure to define
the extent of CD affection of the ileum providing the
reference standard in our study.

Nevertheless, this study shows MRE to be a sensitive
tool for analyzing the viscoelastic properties of small bowel
specimens immediately after surgical removal. Strikingly,
bowel tissue exhibits markedly viscous and dissipative
mechanical properties, resulting in critically damped shear
waves in a frequency range between 1 and 3 kHz. Even
with the small number of examinations we performed, wave
penetration, damping ratio, and spring-pot-based viscosity
consistently showed ileum affected by CD to be markedly
more viscous and dissipative than healthy ileum. This
demonstrates the capability of MRE to sensitively quantify
significant differences in viscoelastic parameters between
healthy ileum and ileum affected by CD.

In this way, our work demonstrates the potential of
MRE as an imaging technique to complement conventional
magnetic resonance enterography in the characterization of
CD lesions and provide additional information for better
therapeutic decision-making. On this basis, future studies
are warranted with comprehensive in vivo and subsequent
ex vivo MRE mapping and histopathological correlation
including characterization and exact quantification of
inflammation and fibrosis.

Conclusions

MRE is feasible and able to determine viscoelastic
properties of small bowel and, furthermore, to quantify

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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differences in viscoelastic properties between healthy
terminal ileum and terminal ileum affected by CD.
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