MRI texture analysis of T2-weighted images is preferred over magnetization transfer imaging

for readily longitudinal quantification of gut fibrosis
Original research
Authors

Isabelle De Kock, MD*, Simon Bos, MSc?%*, Louke Delrue, MD, PhD?, Sophie Van Welden, PhD??,
Peter Bunyard, PhD*, Pieter Hindryckx, MD, PhD®, Martine De Vos, MD, PhD?®, Geert Villeirs, MD,
PhD'**, Debby Laukens, MSc, PhD?3**

*Equal first authorship contribution

**Equal senior authorship contribution

Ghent University Hospital
Corneel Heymanslaan 10

9000 Ghent, Belgium

Affiliations
1. Department of Radiology and Medical Imaging, Ghent University Hospital, Ghent, Belgium

2. Department of Internal Medicine and Pediatrics, Ghent University, Ghent, Belgium
3. VIB Center for Inflammation Research, Ghent, Belgium

4. Redx Pharma Plc, Macclesfield, UK

5. Department of Gastroenterology, Ghent University Hospital, Ghent, Belgium
Correspondence

Debby Laukens, Dept. of Internal Medicine and Pediatrics, Ghent University Hospital,
Corneel Heymanslaan 10, OMRB2, B-9000 Ghent, Belgium, Phone: + 32 9 3322064,
email: debby.laukens@UGent.be



mailto:debby.laukens@UGent.be

MRI texture analysis of T2-weighted images is preferred over magnetization transfer imaging

for readily longitudinal quantification of gut fibrosis.
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Magnetization transfer MRI and texture analysis of T2-weighted MR images can detect established

bowel fibrosis in an animal model of gut fibrosis.

Texture entropy is able to identify and monitor bowel fibrosis progression in an inflammatory context
and can assess the response to antifibrotic treatment.

A proof of concept study in five patients with Crohn’s disease suggests that texture entropy can detect

and grade fibrosis in human intestinal strictures.
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ABSTRACT
Objectives

To investigate the value of magnetization transfer (MT) MRI and texture analysis (TA) of T2-weighted
MR images (T2WI1) in the assessment of intestinal fibrosis in a mouse model.

Methods

Chronic colitis was induced in mice by cyclic administration of dextran sodium sulphate (DSS) resulting
in chronic inflammation and progressive bowel fibrosis. Mice underwent 7T MR imaging at various
time points. Bowel wall MT ratio (MTR) and textural features (skewness, kurtosis, entropy), extracted
by a filtration histogram technique, were correlated with histopathology. Performance of both
techniques were validated using antifibrotic therapy. Finally, a retrospective study was conducted in five
patients with Crohn’s disease (CD) who underwent bowel surgery.

Results

MTR and texture entropy correlated with histopathological fibrosis (r=.85 and .81, respectively).
Entropy was superior to MTR for monitoring bowel fibrosis in the presence of coexisting
inflammation (linear regression R2=.93 versus R?=.01). Furthermore, texture entropy was able to assess
antifibrotic ~ therapy  response  (placebo  mice  versus treated mice at endpoint
scan; Amean=0.128, p<.0001). An increase in entropy was indicative of fibrosis accumulation in human
CD strictures (inflammation: 1.29; mixed strictures: 1.4 and 1.48; fibrosis: 1.73 and 1.9).

Conclusion

MT imaging and TA of T2WI can both noninvasively detect established intestinal fibrosis in a mouse
model. However, TA is especially useful for the longitudinal quantification of fibrosis in mixed
inflammatory-fibrotic tissue, as well as for antifibrotic treatment response evaluation. This accessible
post-processing technique merits further validation as the benefits for clinical practice as well as

antifibrotic trial design would be numerous.



INTRODUCTION

Crohn’s disease (CD) is a multifactorial disease characterized by transmural bowel inflammation that
may progress to fibrosis with intestinal strictures and obstruction. Differentiating fibrotic strictures from
inflammatory narrowing of the bowel lumen is clinically important because symptomatic fibrotic
strictures are currently an indication for endoscopic balloon dilatation or surgery, while inflammatory
strictures may benefit from conventional anti-inflammatory therapy. As stricturing bowel segments
contain variable proportions of inflammatory and fibrotic tissue, fibrosis quantification is challenging
(1, 2). Conventional cross-sectional imaging modalities, such as US, CT and MR enterography (MRE)
have high accuracy for detecting bowel inflammation but are still insufficient for quantification of
fibrosis in a stricture (1, 3-5).

MRI has gained broad acceptance as the reference technique for assessing the disease extent and activity
in CD (5). Routinely used MR sequences have also been used to quantify intestinal fibrosis in CD but
inconsistent data have been reported, as superimposed inflammation can mask transmural fibrosis (1, 4,
6). Emerging imaging modalities, such as magnetization transfer (MT) MRI and texture analysis (TA),
demonstrate great potential to evaluate intestinal strictures in CD (7-16). MT-MRI is a noninvasive
imaging method that enables the indirect measurement of large, immobile macromolecules, such as
collagen, in an aqueous physiological environment. MT-MRI has been reported to accurately detect and
guantify intestinal fibrosis in animal (rat) studies and small cohort human studies (7-13). This technique
seems sensitive to changes in bowel fibrosis and not to changes in inflammation; however, most reported

studies have included one specific timepoint with no longitudinal assessment (7, 10, 11, 13).

TA is a post-processing technique applied to cross-sectional images to characterize tissue composition.
It quantitatively assesses patterns of MRI-signal intensity distribution within a selected image region,
producing textural parameters that provide indirect tissue heterogeneity information not visible to the
human eye (17). TA has been successfully applied to cross-sectional cancer imaging and may aid in
prognosis and treatment response (18, 19). The use of TA on noncontrast MR images in intestinal

fibrosis has not yet been studied. Furthermore, the ability of TA to detect changes in intestinal

fibrosis over time also remains to be investigated.

The majority of studies investigating imaging techniques for fibrosis in CD patients use
histopathology of surgical specimens as the reference standard (4). However, surgery is usually
performed in an advanced disease stage and therefore this approach is not suitable in the long-
term assessment of the development of intestinal fibrosis. As recent studies have shown that
early intestinal fibrosis in CD can be reversed, imaging of early lesions harbours most clinical
diagnostic value (20,21). The use of experimental animal models of CD can address this

shortcoming. Therefore, the purpose of this study was to evaluate the role of MT imaging and TA of



T2-weighted MR images (T2WI) for the longitudinal assessment of intestinal fibrosis in a mouse model

of gut fibrosis and the effect of an experimental anti-fibrotic therapy.
MATERIALS AND METHODS
Ethics

The Institutional Review Board of Ghent University approved all animal studies (ECD/19-68 and
ECD/20-67aanv). Mice were housed at Ghent University Hospital (Ghent, Belgium) according to the
institutional animal healthcare guidelines. The retrospective proof of concept study was approved by the
Ethics Committee of Ghent University Hospital (EC/2018/1493, Belgian study registration number

B670201838339). Informed consent was waived because of the retrospective nature of the study.
Animal model of gut fibrosis

2.5% dextran sulfate sodium (DSS) (molecular weight= 36,000 to 50,000; MP Biomedicals) was
supplemented to the drinking water of seven-week-old male C57BL/6J mice (Janvier Labs) for seven
consecutive days to induce inflammation followed by a two-week recovery period during which mice
received normal drinking water. This cycle was repeated twice, which typically results in chronic
inflammation and structural bowel damage characterized by fibrotic tissue. Induction of intestinal
inflammation caused by DSS was followed up using the Disease Activity Index (DAI), a combinational

score of the weight evolution, stool consistency, and presence of blood in the stool (22).

In a first experiment, 16 mice were subjected to DSS administration, and two control mice were
included, receiving normal drinking water. The control mice underwent an MR examination at the
baseline and endpoint (weeks 0 and 9). Mice receiving DSS treatment were scanned after each DSS-
induced inflammation peak (weeks 1, 4, and 7) and after each two-week recovery period (weeks 3, 6,
and 9) (Figure 1A). Intermediate tissue sampling was performed after scanning at week 1 (n=5 out of
16), week 6 (n=5 out of the remaining 11) and week 9 (n=6) for histological inflammation and fibrosis

scoring. Control animals were sacrificed at week 9.

A second experiment was conducted to investigate the ability of the best performing MRI parameter
from the first experiment as a surrogate marker for antifibrotic therapy response. Mice were randomized
into three groups (control mice, DSS-treated mice receiving placebo, DSS-treated mice receiving an
antifibrotic compound) each containing 12 animals (Figure 1B). Control mice were scanned at the
baseline and end of the experiment (week 9). Intestinal fibrosis was induced by DSS administration and
these animals underwent MRI at the baseline and after each two-week recovery period (weeks 3, 6, and
9). Mice in the treated group (n= 12) daily received an antifibrotic compound (REDX08397, p.o.
gavage, 10 mg/kg; Redx Pharma PIc) suspended in an aqueous 0.5% (hydroxypropyl)methylcellulose

solution (Sigma-Aldrich) (23). All mice were sacrificed after the final MR examination (week 9).



Imaging protocol

All details of the scanning protocol are available in Supplementary Table 1. MRI was performed on a
7T MRI scanner (PharmaScan, Bruker ). Axial T2WI were obtained in each mouse. MT imaging was
acquired using two gradient-echo data sets with and without applying an off-resonance prepulse
(frequency offset 2 kHz). Two readers manually drew a ROI in consensus (an abdominal radiologist
with 11 years of experience (IDK) and a research fellow with 3 years of experience (SB)) in the distal
colon of each mouse on a single axial T2WI. Both readers agreed to select a particular image if the
following criteria were met: (a) the distal colon was well-distended (b) the bowel wall was well-defined
(c) there was no interference from adjunct structures. The full thickness and entire circumference of the
bowel wall was included within the ROI (mean size 4 mm?). Care was taken to exclude any intraluminal
or extra-enteric tissue. Once defined on the T2WI, the ROI was copied and applied to the corresponding
MT-image map (Supplementary Figure 1). If necessary, to account for bowel motion, minor adjustments
for the position or size of the ROl were made when the ROI was copied.

The MT value was calculated using the formula (MT0 — MTsat)/MTO0, where MTs and MTy refer to
the signal intensities acquired with and without the off-resonance prepulse saturation, respectively. MT-
image maps were generated using open-source image processing software (ImageJ, US National
Institutes of Health, Bethesda, Maryland, USA). MT of the bowel wall was divided by the MT of the
paraspinal muscle at the same slice in each mouse to obtain a normalized MT ratio (MTR) to minimize

individual variation.

Axial T2WI were uploaded into commercially available research software (TexRAD, Feedback PIc).
TA with a filtration-histogram technique was performed within the selected ROI using a previously
published methodology (17). Filtration enhances image features of different sizes (radii from 0to 6 mm)
within the ROI before subsequent histogram quantification. A spatial scale filter of 2 mm was chosen
for this study, highlighting fine textural features. The heterogeneity within the ROI was quantified, and
three textural parameters were obtained: kurtosis (pointiness of the pixel distribution), skewness
(asymmetry of the pixel distribution), and entropy (inhomogeneity of the pixel distribution). These
heterogeneity features have been previously described (17).

Regarding the entropy, we calculated the incremental entropy (IncrEn) as a relative measurement to
allow a more appropriate comparison between different experiments. This parameter represents the
increase in entropy in the pathologic bowel over the normal bowel. This value was calculated in
Experiment 1 by dividing the entropy in each mouse by the mean entropy of the two control animals at
the baseline. In Experiment 2, IncrEn was obtained by dividing the entropy in each mouse by its entropy

value at the baseline.

Histopathologic evaluation and cytokine quantification



Details can be found in the Supplementary Text.
Proof of concept study in patients with Crohn’s disease

Region-by-region correlations between surgical specimens and MRE were conducted by an experienced
abdominal radiologist (IDK) who was blinded to the clinical and histopathological data. The most
stenotic terminal ileal areas were selected for histopathological assessment and MRE correlation, and
one specimen per patient was obtained. Routine clinical assessments require only a conventional MRE;
thus, no MT images were available, and only TA was feasible. TA was performed by placing an ROI
(mean size 150 mm2) on the pathologic small bowel wall on the axial T2W1 in each patient (n=5) and
in a normal-appearing small bowel (n=5) to calculate the normalized entropy (NormEnN = entropy patologic

bowellentropy normal bowel) .
Statistical analysis

Statistical analyses were performed in SPSS (v.27; IBM). A linear mixed model assessed differences in
body weight and DAI progression. The Pearson correlation test was applied to explore the relationship
between MRI parameters and pathophysiological data. A one-way analysis of variance was used when
comparing the normally distributed data between groups, applying Dunnett’s multiple comparison
correction. Linear regression and a mixed model analysis were used to evaluate the MRI parameters.
The Akaike information criterion was consulted to select the best covariance structure to perform a
mixed model analysis when comparing parameters between different scan timepoints. The p-values from
the mixed model analysis were corrected for multiple comparisons using the more stringent 99%

confidence interval.



RESULTS
MTR and texture entropy can detect bowel fibrosis during subclinical inflammation.

DSS-treated mice demonstrated relapsing and remitting disease activity (Supplementary Figure 2) and
a progressive increase in histopathological fibrosis scores at weeks 1, 6, and 9 compared to healthy
control mice (p=.0217, =.0006, and p<.0001, respectively; Figure 2A). Histological inflammation was
observed in DSS-treated mice sacrificed at week 1 (p<.0001), whereas inflammation was only
marginally present in samples collected at weeks 6 and 9 (Figure 2B). Histopathologic scores and
imaging parameters acquired during each recovery phase were plotted to assess the performance of MTR
and TA as surrogate markers for fibrosis in the presence of subclinical inflammation. MTR values were
strongly correlated with the histopathological fibrosis scores (r=.85; p=.0005; Figure 2C). Of the three
textural parameters analyzed by TA (skewness, kurtosis, and entropy), only entropy correlated well with
the fibrosis scores (r=.81; p=.0011; Figure 2D).

Texture entropy, but not MTR, can monitor bowel fibrosis with coexisting inflammation.

In the presence of inflammation, texture entropy outperformed MTR in quantifying the increase in
fibrotic tissue after each DSS administration (week 1 vs. week 4: Amean=0.338, p=.0010 for entropy
and Amean=-0.065, p=.1070 for MTR; week 1 vs. week 7: Amean=0.471, p=.0040 for entropy and
Amean=0.051, p=.2710 for MTR; Figure 3A). During the sequential recovery phases with diminishing
inflammation and progressive build-up of fibrosis, only MTR and texture entropy at week 9 were
significantly higher compared to week 3 (Amean=0.208, p<.0001 and Amean=0.366, p=.0050,
respectively), indicating that only well-established fibrosis during recovery is detectable by both MRI
parameters (Figure 3B). When combining multiple scan moments, linear regression indicated that MTR
could not capture the steady increase in fibrotic tissue in the presence of inflammation throughout the
experiment (Psiope=0.7780, R?=.01, Figure 3C). In contrast, texture entropy demonstrated excellent
performance for monitoring fibrosis progression during periods of active inflammation as well as
recovery periods (Psiope=0.0004, R?=.93, Figure 3D). MTR values were unexpectedly high at the baseline
and consistently lower in the presence of inflammation at each cycle of DSS (week O vs. week 1:
Amean=-0.598, p<.0001; week 3 vs. week 4: Amean=-0.205, p<.0001; and week 6 vs. week 7:
Amean=-0.0910, p=.1010).

An increase in texture entropy can act as a surrogate marker for assessing antifibrotic therapy

response.

Next, we aimed to determine the performance of MTR and texture entropy in monitoring fibrosis in
mice treated with a well-established antifibrotic compound (24). DAI demonstrated a similarly
proficient induction of bowel inflammation throughout the consecutive DSS cycles between the three

groups of mice (control group, placebo group and antifibrotic treatment group), indicating that the



antifibrotic compound did not alter intestinal inflammation induced by DSS (Supplementary Figure 3).
At week 9, placebo mice exhibited significantly higher histopathological fibrosis compared with the
treated mice (p<.0001), confirming the effectiveness of the treatment (Figure 4A). This antifibrotic
effect was associated with significantly lower colonic tissue levels of the pro-fibrotic cytokines

interleukin-6 and transforming growth factor 81 (p=.0341 and p=.0171, respectively; Figure 4B).

The placebo and healthy control mice exhibited MRI parameter values consistent with the first
experiment. Nonetheless, with the inclusion of the antifibrotic treatment group, a negative correlation
was found at week 9 between the MTR values and fibrosis grade (r =-.90; p<.0001; Figure 5A). The
combined MR data from both experiments demonstrated that a rise in the MTR value could theoretically
indicate bowel tissue receiving treatment that develops toward normal tissue or diseased bowel tissue in
which fibrosis is accumulating (Figure 5B). Because of these unexpected findings and the inflammation-
dependent drop in MTR observed in the first experiment, we further investigated the influence of
inflammation on the MTR values. To this end, the DAI scores were plotted against the MTR values
from all scans collected in the two experiments, resulting in a significant negative correlation (r=-.68;
p<.0001; Supplementary Figure 4). This result confirmed that coexisting inflammation substantially
affects MTR. In contrast, a strong positive correlation between fibrosis and texture entropy was
confirmed, using the increase in entropy compared to the baseline entropy (IncrEn; r=.84; p<.0001;
Figure 5C).

As MTR values are influenced by inflammation, we focused on entropy to evaluate the effect of the
antifibrotic therapy. A progressive increase in IncrEn was observed in the placebo-treated group
(baseline vs. week 3: Amean=0.079, p<.0001; week 3 vs. week 6: Amean=0.039, p<.05; and week 6 vs.
week 9: Amean=0.064, p<.0001). In contrast, only a significant but marginal change was noted between
the baseline and week 3 in the antifibrotic treatment group (Amean=0.037, p<.05). At the endpoint scan
(week 9), IncrEn values were significantly higher in the placebo mice compared with the antifibrotic
treatment mice (Amean=0.128, p<.0001; Figure 5D).

Texture entropy shows potential for grading fibrosis in Crohn’s disease

T2WI1 of five patients with CD obtained before ileocecal resection were retrospectively analyzed to
provide proof of concept for translating the findings in patients with CD. Patient characteristics are
summarized in Table 1. Using the histologic evaluation of the resected specimens (i.e., terminal ileum),
one bowel segment was categorized as predominantly inflammatory, two segments as mixed
inflammatory fibrotic, and two segments as predominantly fibrotic. The NormEn was 1.29 for the
inflammatory bowel segment, 1.40 and 1.48 for the mixed segments, and 1.73 and 1.90 for the fibrotic
segments, indicating that an increase in texture entropy can serve as a parameter to detect and grade

intestinal fibrosis in human strictures (Figure 6).



DISCUSSION

A major need for the adequate management of CD is a noninvasive tool to diagnose and
quantify intestinal fibrosis. The transmural nature of gut fibrosis does not allow endoscopic
evaluation. Histology requires full-thickness biopsies or surgical resection specimens but
remains the golden standard for evaluating fibrosis. However, CD patients who are referred to
surgery exhibit advanced disease with major structural and probably irreversible damage. Early
detection of intestinal fibrosis and non-invasive assessment of fibrosis progression remains
currently inadequate. To overcome these issues, we used a chronic colitis mouse model in which
intermittent sampling of progressive fibrotic tissue allows correlation with MRI findings. We
found that texture entropy is able to detect the early development of intestinal fibrosis and can
monitor its accumulation over time, whereas MT-MRI could only identify advanced bowel
fibrosis. These are the first data suggesting that texture entropy may become an attractive tool
to monitor the natural history of CD. This result is partially in line with the study by Adler et
al., who used MT-MRI to detect changes in bowel wall fibrosis over time in a rat model using
caecal injections of peptidoglycan-polysaccharide (7). A progressive increase in MTR was
found until 28 days after injection; however, no significant difference existed in MTR between
study and control animals until fibrosis was well-established. Of note, we performed TA of
T2WI, because recent concerns regarding gadolinium tissue deposition favor the use of non-
contrast MRI (24). To our knowledge, TA of T2WI in intestinal fibrosis has not yet been

investigated.

As in human CD, inflammation and fibrosis coexist in the chronic phase of DSS-induced colitis.
We demonstrated that texture entropy can accurately identify intestinal fibrosis in the presence
of concomitant inflammation in the murine intestine. This important finding represents a
significant advantage as other quantitative MRI techniques, such as bowel wall perfusion or
diffusion-weighted MRI, have shown to have limitations in detecting the fibrotic component
within mixed strictures (25-27). Conversely, we found that MTR is sensitive to intestinal
inflammation and therefore seems unsuitable for fibrosis monitoring in an inflammatory
context, contradicting previous reports. Adler et al. compared MT images in early phase
intestinal inflammation with late phase fibrosis in a rat model and found increasing MTR values
correlating with an increase in histologic fibrosis and a decrease in histologic inflammation,
suggesting that MTR is sensitive to changes in fibrosis, but not to inflammation (7).
Nonetheless, no baseline values were reported. More importantly, inflammation was induced

by a single trigger; therefore, we suspect that inflammation could not have influenced MTR in



this particular experimental setup. Dillman et al. demonstrated that MTR can distinguish
between predominantly inflammatory and mixed inflammatory-fibrotic bowel tissue in a
chronic colitis rat model (10). Again, no baseline scan parameters were reported, and only

mixed strictures were investigated.

Finally, we demonstrated that texture entropy is an adequate noninvasive tool for monitoring
the response to antifibrotic treatment in an experimental set-up. To our knowledge, this is the
first study to identify the value of this technique for the evaluation of treatment response. This
could be an important finding as the lack of accurate noninvasive diagnostic methods currently

hinders the roll-out of antifibrotic therapeutic clinical trials in CD.

TA has the potential to be readily implementable in clinical practice. As it is a post-processing
image technique, it can be retrospectively applied to data acquired during routine cross-
sectional imaging. Since several open-source tools are already available, there is no need for
expensive software. In addition, a general advantage of TA is its intrinsic quantitative nature,
which makes it well suited for developing artificial intelligence algorithms that can
automatically extract imaging features from medical image data undiscernible to the human
eye. Such algorithms would significantly improve radiologist interpretation of patient images,
and offer great potential to derive quantitative imaging markers of disease activity and therapy

response.

Although the sensitivity and specificity of TA for human use need to be confirmed in
prospective human studies, our proof-of-concept data suggest that an increase in texture entropy
can also determine the extent of fibrosis in human bowel segments. A limitation of this study
is the use of sedation during imaging without the use of adequate antimotility agents leading to
moving artefacts due to peristaltic motion. However, we excluded images that were of poor
quality. Finally, ROI selection was based on manual segmentation of the bowel wall within a
single axial image. Development of volumetric segmentation tools will allow evaluation of

bowel segments in their entirety.

In conclusion, texture entropy holds promise to become a reliable tool for intestinal fibrosis
assessment and should be explored further, since it would directly benefit patient care as well
as the development of antifibrotic clinical trials. These data pave the way to prospective human
studies, especially since this technique is easily accessible for most clinical centres, does not

require intravenous contrast administration and can be processed at any time.
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FIGURE LEGENDS

Figure 1. Overview of the study design. Gut fibrosis was induced in mice by administering dextran
sodium sulfate (DSS) to the drinking water for one week (acute phase) followed by two weeks with
normal drinking water (recovery phase). This cycle was repeated twice. (A) In the first experiment, MRI
was performed after every DSS week and after the recovery period in each cycle, capturing
inflammatory (week 1), mixed (weeks 4 and 7), and predominantly fibrotic bowels (weeks 3, 6, and 9).
Mice were sacrificed for histopathological examination at three time points (m). (B) In the second
experiment, all mice were scanned at the baseline (week 0) and after each two-week recovery period
(weeks 3, 6, and 9) to monitor the effect of antifibrotic therapy. After the final MRI scan, all mice were
sacrificed for histopathological analysis ().

Figure 2. Correlation between histopathologic fibrosis, magnetization transfer ratio (MTR) and texture
entropy in the dextran sodium sulfate (DSS) mouse model. (A) Inflammation scores and (B) intestinal
fibrosis scores for healthy control mice (n = 2) and DSS-treated mice sacrificed at weeks 1, 6, and 9
(n =5, 5, and 6, respectively). (C) Correlation of MTR with histopathology and (D) texture entropy with
histopathology using the fibrosis scores from each recovery phase (n=11). AU: arbitrary units;
*p <.05; ***p <.001; ****p < .0001; Data in A and B are represented as the mean + the standard error
of the mean.

Figure 3. MR parameters during dextran sulfate sodium (DSS)-induced inflammation and following
recovery. (A) Magnetization transfer ratio (MTR) and texture entropy values acquired during the acute
inflammatory phase of each DSS cycle (weeks 1, 4, and 7 (n = 16, 11, and 6, respectively)). (B) MTR
and entropy values acquired during the recovery period for each DSS cycle (weeks 3, 6, and 9 (n = 11,
11, and 6, respectively)). (C) MTR values and (D) entropy values throughout the experiment with the
linear regression trend line (week O represent the healthy control mice (n = 2)). AU: arbitrary units; *

p <.05, **p < .01, and ***p < .001. Data are represented as the mean + the standard error of the mean.

Figure 4. Texture entropy can monitor antifibrotic therapy (REDX08937) response in chronic dextran
sulfate sodium (DSS)-induced colitis. Mice were treated with an antifibrotic compound (REDX08937)
or placebo (n =12 in each group). (A) Histopathological fibrosis analysis and (B) interleukin-6 and
transforming growth factor 31 protein levels in the colon of healthy, REDX08937-treated, and placebo-
treated DSS mice at Week 9. *p <.05; **p < .01; ****p < .0001. Data are represented as the mean +

the standard error of the mean; n= 12 for all groups.

Figure 5. Correlation between histopathology, magnetization transfer ratio (MTR), and texture entropy
in the dextran sulfate sodium (DSS) mouse model treated with an antifibrotic compound. (A) Correlation
of MTR with histopathologic fibrosis at week 9. (B) Combined MTR data from the first and second

experiments plotted in the function of fibrosis scores determined after scarification at week 6



(Experiment 1) and week 9 (Experiments 1 and 2). (C) Correlation between histopathology and
incremental entropy (IncrEn) for the second experiment. (D) Evolution of grouped IncrEn values (n = 12
in each group) for MRI scans performed in healthy, REDX08937-treated, and placebo-treated DSS mice
after each recovery phase. AU: arbitrary units. Data are represented as the mean + the standard error of

the mean.

Figure 6. Texture entropy as a surrogate marker of intestinal fibrosis in patients with Crohn’s disease
(CD). (A) Axial T2-weighted MR images (T2WI) with region-of-interest placement in the affected
terminal ileum (T1) and normal-appearing small bowel (SB) are depicted for three patients with different
histologic subtypes: (left panel) a 31-year-old male with active inflammation in the TI without fibrosis,
(mid panel) a 41-year old male with active inflammation and fibrosis in the TI, and (right panel) a 34-
year old female with fibrosis but no active inflammation in the TI. (B) An increase in normalized entropy
values (NormEn) is seen in all five CD patients (P1-P5) when fibrotic tissue accumulates in the bowel

wall, whereas these values remain at a similar level in normal SB. AU: arbitrary units.



