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Abstract

Objectives Although diffusion-weighted imaging (DWI) is reported to be accurate in detecting bowel inflammation in Crohn’s
disease (CD), its ability to assess bowel fibrosis remains unclear. This study assessed the role of DWI in the characterization of
bowel fibrosis using surgical histopathology as the reference standard.

Methods Abdominal DWI was performed before elective surgery in 30 consecutive patients with CD. The apparent diffusion
coefficients (ADCs) in pathologic bowel walls were calculated. Region-by-region correlations between DWI and the surgical
specimens were performed to determine the histologic degrees of bowel fibrosis and inflammation.

Results ADCs correlated negatively with bowel inflammation (» =—0.499, p < 0.001) and fibrosis (»=—0.464, p <0.001) in 90
specimens; the ADCs in regions of nonfibrosis and mild fibrosis were significantly higher than those in regions of moderate—
severe fibrosis (p = 0.008). However, there was a significant correlation between the ADCs and bowel fibrosis (r=—0.641, p=

0.001) in mildly inflamed segments but not in moderately (»=—0.274, p = 0.255) or severely (r=—10.225, p=0.120) inflamed
segments. In the mildly inflamed segments, the ADCs had good accuracy with an area under the receiver-operating characteristic
curve of 0.867 (p =0.004) for distinguishing nonfibrosis and mild fibrosis from moderate—severe fibrosis.

Conclusions ADC can be used to assess bowel inflammation in patients with CD. However, it only enables the accurate detection
of the degree of bowel fibrosis in mildly inflamed bowel walls. Therefore, caution is advised when using ADC to predict the
degree of intestinal fibrosis.

Key Points

* Diffusion-weighted imaging was used to assess bowel inflammation in patients with Crohn’s disease.

* The ability of diffusion-weighted imaging to evaluate bowel fibrosis decreased with increasing bowel inflammation.

* Diffusion-weighted imaging enabled accurate detection of the degree of fibrosis only in mildly inflamed bowel walls.
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the affected bowel region tends to increase with time [1]. In
the long term, approximately 40% of patients with CD devel-
op a stricture [2]. A stricture is a complication of severe CD
that significantly decreases the patient’s quality of life [3] and
may require surgery. Differentiation between fibrotic and in-
flammatory strictures has important implications because in-
flammatory lesions can be relieved by anti-inflammatory
treatment whereas fibrotic lesions are not and usually require
endoscopic or surgical treatment [4]. Hence, detection and
accurate quantification of bowel fibrosis is crucial.

MRI is used increasingly in the management of CD [5].
Several studies have agreed on the role of diffusion-weighted
imaging (DWI) and the apparent diffusion coefficient (ADC)
in the diagnosis of active bowel inflammation [6—15]. A meta-
analysis [16] found that DWI had high accuracy in detecting
active bowel inflammation in CD with a summary sensitivity
0of 92.9% and a summary specificity of 91%. However, the
relationship between bowel fibrosis and DWI remains unde-
termined, although a few small studies have reported a possi-
ble correlation between bowel fibrosis and ADC [17-19].
Another knowledge gap is whether bowel inflammation itself
could have a confounding impact on the ADC when detecting
fibrosis, given that bowel inflammation and fibrosis always
coexist. The purpose of this study was to assess the role of
DWTI in the characterization of bowel fibrosis in patients with
CD using surgical histopathology as the reference standard.

Materials and methods

This prospective study was approved by our institutional
ethics review board and written informed consent was obtain-
ed from all participating patients. From July 2014 through
December 2017, consecutive patients with a diagnosis of
CD who were scheduled for elective surgery at our institution
were considered for enrolment. The inclusion criteria were as
follows: age 18 years or older; a diagnosis of CD based on
standard clinical, endoscopic, imaging, and histologic criteria;
preoperative MRI within a fortnight of elective surgery for a
symptomatic bowel stricture that was refractory to medical
treatment; and pathologic bowel segments identified on MRI
at the same location as the abnormal histologic findings. The
exclusion criteria were inadequate DWI quality or collapsed
bowel segments on MRI (Fig. 1).

MRI protocol

Bowel preparation was performed as described previously
[15]. One hour before the procedure, 1600-2000 mL of
2.5% mannitol solution was administered to achieve adequate
distension of the bowel segments. Ten milligrams of
raceanisodamine hydrochloride (Minsheng Pharmaceutical
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| 103 CD patients scheduled for elective surgery I

——

| 94 adult patients ‘

9 patients < 18 years

23 patients underwent anal
fistula surgeries

71 patients underwent surgeries for
symptomatic bowel strictures

—’| 37 patients without MRI data |

34 patients with preoperative MRI
within a fortnight of surgery

Inadequate DWI quality (n=2)
Collapsed bowel segments (n=2)

Final study population:
30 patients with 90 bowel specimens

Fig.1 Flow diagram showing the study population. CD, Crohn’s disease;
DWI, diffusion-weighted imaging

Group Co., Ltd.) was injected intramuscularly into the but-
tocks 10 min before magnetic resonance enterography.

MRI was performed using a 3.0-T MRI machine
(Magnetom Trio, Siemens Healthineers) with multichannel
phased array body coils. The scan protocol was the same as
that described in a previous study [15]. Conventional MRI,
including axial and coronal breath-held half-Fourier acquisi-
tion single-shot, turbo spin-echo, T2-weighted imaging
(T2WI), was performed using a repetition time/echo time
(TR/TE) of 1200 ms/87 ms, a 320 % 194 matrix, a slice thick-
ness of 4 mm, and a flip angle of 160°. Fat-suppressed fast low
angle shot T1-weighted imaging was performed using a TR/
TE 0f 210 ms/2.18 ms, a 320 x 200 matrix, a slice thickness of
4 mm, and a flip angle of 70°. Axial and coronal free-
breathing DWI was performed using a water-excited, single-
shot, spin-echo, echo-planar sequence with a TR/TE of 5000—
5900 ms/73—-83 ms, a 192 x 115 or 192 x 154 matrix, and a
slice thickness of 4-5 mm with three b values of 50, 400, and
800 s/mm>. The ADC map was generated automatically on
the scanner console using a mono-exponential model. After
intravenous injection of gadopentetate dimeglumine (Beilu
Pharmaceuticals) 0.2 mL/kg at a rate of 2 mL/s, multiple cor-
onal dynamic contrast-enhanced, fat-suppressed, three-
dimensional volumetric interpolated breath-hold examina-
tions were performed using a TR/TE of 4.37 ms/1.37 ms, a
320 x 217 matrix, a slice thickness of 2 mm, and a flip angle of
1° at 15, 40, 65, and 90 s from the beginning of injection.

MRI analysis
Diffusion-weighted imaging

The target segments on DWI were premarked using conven-
tional MRI by a radiologist (CS) with 15 years’ experience in
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bowel MRI who was not blinded to the clinical, imaging, or
surgical information. Another radiologist (XL) with 8 years’
experience in bowel MRI and blinded to the clinical and path-
ologic information then assessed the DWI and ADC maps of
the designated segments on two occasions in a 3-month inter-
val. The mean ADC was calculated by placing three regions of
interest to include the full thickness with a maximum length of
one third the circumference of the bowel wall in cross section
on the ADC map [20]. The first measurements were used for
the final analysis. The mean area of the regions of interest in
the affected bowel walls was 107.49 +72.36 mm®.

Conventional MRI

The radiologist (XL) assessed the conventional MRI findings
(T2WI signal intensity and enhancement pattern) of the affect-
ed bowel that could correlate with bowel inflammation.
Hypointensity on T2WI was defined as being similar to that
of the adjacent normal bowel wall and hyperintensity on
T2WI as being greater than that of the adjacent normal bowel
wall [21, 22]. The enhancement pattern included stratified en-
hancement (i.e., mucosal hyperenhancement with relatively low
submucosal enhancement) and transmural enhancement (i.e.,
homogeneous enhancement in the entire bowel wall) [21, 22].

Region-by-region matching of DWI evaluation
and histologic assessment

A matched evaluation of DWI and the histologic assessment
was performed as described in a previous study [20] by a
nonblinded radiologist (CS). The anatomic location of the
resected segments was documented with respect to defined
anatomic landmarks (e.g., the ileocecal valve or appendix)
or gross lesions (e.g., the most stenosed area or bowel adhe-
sion). Two to four bowel specimens were obtained from the
strictured segments in each patient according to the extent of
the disease. Bowel walls with normal surgical findings at the
ends of the resection margin were used as controls.

Histopathologic evaluation

After fixation of the tissue in formalin, a full-thickness sample
of the resected bowel segment was embedded in paraffin and
sliced into several sections, each 4 wm in thickness. One sec-
tion was stained with hematoxylin—eosin for the histologic
inflammation score and another section with Masson’s
trichrome for the histologic fibrosis score. A pathologist
(QC) with 10 years’ experience in digestive tract pathology,
who was blinded to all clinical, surgical, and MRI informa-
tion, graded the histologic sections from areas with the most
severe inflammation or fibrosis (Table 1) using a semiquanti-
tative scoring system [20, 23].

Statistical analysis

The statistical analysis was performed by two-sided compar-
isons with significance defined as a p value < 0.05 using SPSS
version 20.0 software (SPSS Inc.). The quantitative data are
expressed as the mean =+ standard deviation and the qualitative
data as the absolute values or percentage. A bivariate correla-
tion analysis was performed using Spearman’s rank correla-
tion. Multiple linear regression was performed using the step-
wise method to show the linear association between the de-
pendent variable (ADC) and the independent variables (in-
flammation and fibrosis score). The standardized partial re-
gression coefficient (b') was used to describe the strength of
the influence of the independent variable on the dependent
variable. Differences in the ADC between the different histo-
logic grading methods (inflammation and fibrosis) were tested
using repeated-measures analysis of variance because of the
inclusion of multiple segments per patient. The Bonferroni
test was used for further pairwise comparisons. The differ-
ences in the conventional MRI findings associated with dif-
ferent inflammation scores were tested using the chi-square
test. A receiver-operating characteristic curve analysis was
performed, and the area under the curve was calculated to
determine the diagnostic accuracy of the ADC for differenti-
ating different grades of bowel fibrosis. The intraobserver
agreement for the ADC was tested using the intraclass corre-
lation coefficient.

Results
Demographic and clinical data

Of the 103 patients treated at our institution, 30 (17 men, 13
women; mean age 32.53 +8.58 years; 90 bowel segments)
met the eligibility criteria for inclusion in the study. The aver-
age thickness of the resected bowel segments on T2WI was
7.92+4.09 mm. The patient demographic and clinical char-
acteristics are summarized in Table 2.

Histologic assessment

The fibrosis was graded as none (rn =12), mild (n = 8), mod-
erate (n =40), or severe (n = 30), and inflammation was grad-
ed as none (7 =0), mild (n = 22), moderate (n =49), or severe
(n=19). There was a fair correlation between histologic fibro-
sis and inflammation scores (r=0.458, p <0.001), which
highlighted the need for multiple linear regression analysis.

ADC for assessment of bowel inflammation

There was a fair correlation between the ADCs and the histo-
logic inflammation scores (»=—0.499, p < 0.001). Significant
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Table 1 Histologic

inflammation/fibrosis scores in Score  Inflammation Fibrosis
patients with Crohn’s disease
0 No inflammation or distortion No fibrosis
1 Lamina propria inflammation only Minimal fibrosis in submucosa or subserosa
2 Submucosal foci of inflammation Increased submucosal fibrosis, septa into muscularis propria
and/or foci of transmural inflamma- and/or septa through muscularis propria, increase in
tion subserosal collage
3 Significant, dissecting, confluent Significant transmural scar, marked subserosal collagen

transmural inflammation

differences in the ADCs were found between mild ([1.38 +
0.29] x 10 mm?/s), moderate ([1.19+0.25] x 10> mm?%/s),
and severe ([0.99+0.18] x 10> mm?/s) disease activity (F=
7.984, p=0.002; Supplementary Table 1). The ADCs de-
creased with increasing CD activity.

ADC for assessment of bowel fibrosis

There was a fair correlation between the ADCs and the histo-
logic fibrosis scores (r=—0.464, p <0.001; Fig. 2a). Given

Table 2 Demographic and clinical characteristics in patients with
Crohn’s disease
n=30
Gender: female/male 17/13
Age, mean + SD, years 32.53+8.58
Disease duration, mean + SD, months 68.07 £64.21
Interval between MRE and surgery, mean + SD, days ~ 7.80+5.03
<7 days 13
7-15 days 17
Type of surgery, n (%)
Ileocolic resection 21/30 (70%)
Partial small bowel resection 7/30 (23.33%)
Partial colon resection 2/30 (6.67%)
Location of specimen, n (%)
From strictured segments 78
Jejunum 7/78 (8.97%)

14/78 (17.95%)
36/78 (46.15%)

Proximal ileum

Terminal ileum

Colon 21/78 (26.92%)
From the surgical resection margin 12

Jejunum 1/12 (8.33%)

Proximal ileum 2/12 (16.67%)

Terminal ileum 9/12 (75%)
CDAI mean + SD 264.30+£91.25
CRP, mean + SD, mg/L 40.68 £24.15
ESR, mean + SD, mm/h 40.87+£22.44

CDAI, Crohn’s disease activity index; CRP, C-reactive protein; ESR, eryth-
rocyte sedimentation rate; MRE, MR enterography; SD, standard deviation
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the existence of correlations between bowel inflammation and
both the ADC and bowel fibrosis, multiple linear regression
was performed to test further whether there was a definite
correlation between ADC and bowel fibrosis, and if so, the
extent of the influence of bowel fibrosis on the ADC when
compared with that of bowel inflammation. The regression
model (ADC=[1.633 —0.339 x fibrosis score —0.308 % in-
flammation score] x 107> mm?/s; F= 20.033, p<0.001) indi-
cated that the ADC indeed correlated negatively with bowel
fibrosis. Bowel fibrosis was shown to have an effect on the
ADC (b'=-0.339) that was similar to the effect of bowel
inflammation (b'=—0.308).

Among the 90 specimens, the ADCs for nonfibrotic bowel
walls ([1.53+0.27] x 10 mm?/s) were significantly higher
than those for mildly ([1.19 +0.30] x 10> mm?/s; Fig. 3a—f),
moderately ([1.20 +0.24] x 10> mm?/s), and severely ([1.06
+0.22] x 107> mm?/s; Fig. 3g-1) fibrotic bowel walls (F =
16.070, p <0.001; Supplementary Table 2). There was a sig-
nificant difference in the ADCs between nonfibrotic and mild-
ly fibrotic bowel walls ([1.39 +0.32] x 10" mm?/s) and mod-
erately to severely fibrotic bowel walls ([1.14 £0.24] x
10 mm?/s; F=8.158, p=0.008; Fig. 4a; Supplementary
Table 3).

Ability of the ADC to assess bowel fibrosis according
to the degree of bowel inflammation

Pairwise correlations between the ADCs and histologic fibrosis
scores within the groups with varying degrees of bowel inflam-
mation were analyzed to determine whether the severity of
bowel inflammation affected the correlation between the
ADC and bowel fibrosis. A significant correlation between
the ADCs and histologic fibrosis scores (r=—0.641, p=
0.001; Fig. 2b) existed only in the bowel walls with mild in-
flammation but not in those with moderate (r=—0.274, p=
0.255; Fig. 2¢) or severe (r=—0.225, p=0.120; Fig. 2d) in-
flammation. The strength of the correlation between the ADCs
and histologic fibrosis scores decreased with increasing degree
of bowel inflammation in the same bowel walls.

In bowel walls with mild inflammation, the ADCs in
nonfibrotic and mildly fibrotic bowel walls (n=12; [1.53 +
0.26] x 10~* mm?/s) were significantly higher than those in
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Fig. 2 A scatter plot showing statistically significant negative
correlations between the ADC values and histologic fibrosis scores in
(a) all 90 bowel wall segments (r=—0.464, p<0.001) and (b) mildly
inflamed bowel wall segments (r=—0.641, p=0.001) but not in (c)

bowel walls with moderate—severe fibrosis (n=10; [1.19 £
0.20] x 10 mm?/s; F=10.443, p<0.001; Fig. 4b;
Supplementary Table 4); moreover, the ADCs had good accu-
racy (area under the curve 0.867; 95% confidence interval,
0.714-1.000; p=0.004) for distinguishing nonfibrotic and
mildly fibrotic bowel walls from bowel walls with
moderate—severe fibrosis (Fig. 5). However, in bowel walls
with moderate—severe inflammation, no significant difference
in the ADCs was found between nonfibrotic and mildly fibrot-
ic bowel walls (n=8; [1.18£0.29] x 10> mm?®/s) and
moderate—severe bowel fibrosis (n=60; [1.13 £0.25] x
107 mm?/s; F=0.549, p=0.613; Fig. 4c; Supplementary
Table 5). The efficacy of the ADC for differentiating different
grades of fibrosis in the bowel wall weakened with increasing
degree of bowel inflammation.
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moderately inflamed bowel wall segments (r=—0.274, p=0.255) or
severely inflamed bowel wall segments (d; »=—0.225, p =0.120).
ADC, apparent diffusion coefficient

Validating the ability of ADC for assessing bowel
fibrosis in different degrees of inflammation defined
by conventional MRI

We randomly selected a resected bowel wall from each patient
to evaluate the relationship of histologic inflammation with
T2WI signal intensity and enhancement pattern. Only the
T2WI signal intensity can differentiate mildly from moderate-
ly to severely inflamed segments (Z=—3.820, p < 0.001). The
mural T2WI hypointensity always indicated mild inflamma-
tion (8/11, 72.73%), while T2WI hyperintensity was linked to
the presence of moderate—severe inflammation (18/19,
94.74%) (Table 3). In mildly inflamed segments defined by
T2WTI hypointensity, ADCs strongly correlated with histolog-
ic fibrosis scores (r =—0.690, p = 0.019), while no significant
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Fig. 3 Images from a 41-year-old man with mildly fibrotic and se-
verely inflammatory Crohn’s disease in the proximal ileum (a—f) and
a 33-year-old man with severely fibrotic and severely inflammatory
Crohn’s disease in the terminal ileum (g-1) show similarly low ADCs
in the affected bowel wall segments. In the first patient, (a) coronal
T2-weighted imaging and (b) postcontrast-enhanced T1-weighted
imaging reveal marked bowel wall thickening with luminal
narrowing in the proximal ileum (arrows). Hyperintensity on coronal
diffusion-weighted imaging with b =800 s/mm? (¢) and
hypointensity on the corresponding ADC map (d) (ADC =0.94 x
1073 mmz/s) are shown in the same segment (arrows).
Hematoxylin—eosin (e) and Masson’s trichrome (f) staining depict

correlation between ADCs and fibrosis scores was found in
moderately to severely inflamed segments defined by T2WI
hyperintensity (r=—0.449, p =0.054).

Intraobserver agreement

There was good intraobserver agreement for the ADC mea-
surement (intraclass correlation coefficient 0.831; 95% confi-
dence interval, 0.754-0.885; p < 0.001).

Discussion

Our study showed that the ADC correlated negatively with

bowel fibrosis in patients with CD. ADC enabled differentia-
tion of nonfibrosis and mild fibrosis from moderate—severe

@ Springer

marked transmural inflammation (score =3) and mild fibrosis (blue
area; score = 1), respectively. In the second patient, (g) coronal T2-
weighted imaging and (h) postcontrast-enhanced T1-weighted imag-
ing also show bowel wall thickening and luminal narrowing in the
terminal ileum (arrows). Hyperintensity on the coronal diffusion-
weighted images with b=800 s/mm? (i) and hypointensity on the
corresponding ADC map (j) (ADC=1.08 x 10~ mm?%/s) are shown
in the same segment (arrows). Hematoxylin—eosin (k) and Masson’s
trichrome (1) staining depict marked transmural inflammation
(score = 3) and marked transmural fibrosis (blue area; score = 3), re-
spectively. (x 2 magnification). ADC, apparent diffusion coefficient

fibrosis in pathologic bowel walls. However, the strength of
the correlation between the ADC and bowel fibrosis and the
ability of the ADC to distinguish nonfibrosis and mild fibrosis
from moderate—severe fibrosis decreased with increasing de-
gree of bowel inflammation within the same bowel segment.
The ADC had good accuracy for detecting bowel fibrosis in
bowel walls with mild inflammation.

DWI can be performed rapidly and has been widely used in
the routine management of patients with CD [9, 13, 15, 24].
As gastroenterologists are focusing more and more on dis-
crimination of the different types of strictured CD, imaging
is expected to provide information on the pathological pro-
cesses, including inflammation and, more importantly, fibro-
sis. Consistent with previous studies [13, 15, 24], our study
confirmed that ADC is able to assess the degree of inflamma-
tory activity in CD.
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To date, only a few studies with small samples [17—19] have
investigated the potential role of ADC in the characterization of
fibrotic lesions in patients with CD. Kovanlikaya et al [17] and
Rosenbaum et al [19] reported that the ADC was significantly
lower in the fibrostenotic phenotype than in the inflammatory
or normal phenotype, in pediatric patients with CD. Tielbeek
et al [18] found a significant difference in the ADC for
nonfibrotic and fibrotic bowel wall in adult patients with CD.
However, the reference standard used in the study by
Rosenbaum et al [19] was MRI rather than histopathology,
and a comparison of ADC according to the degree of histologic
fibrosis was lacking in the other two studies [17, 18].
Conversely, our study had the benefit of pathology as the gold
standard and showed a negative correlation between histologic
grade of fibrosis and ADC. Increasing deposition of collagen in
the fibrotic bowel wall leads to a reduction in the extracellular
space and then restricts the diffusion of water molecules, reduc-
ing ADC [17, 18]. In our study, ADC could also discriminate
nonfibrosis and mild fibrosis from moderate—severe fibrosis in
the affected bowel wall. This is an important added value of
ADC for the assessment of the pathologic processes occurring
in the bowel wall in patients with CD. The ability of ADC to
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Table 3  Differences in conventional MRI findings between mild and
moderate to severe inflammation (7 = 30)

Mild Moderate— VA P
inflammation severe
inflammation
T2WI signal intensity
Hypointense 8 —3.820 <0.001
Hyperintense 1 18
Enhancement pattern
Stratified 3 12 —-1.175 0.240
Transmural 6 9

A resected bowel wall was randomly selected from each patient to eval-
uate the relationship of histologic inflammation with T2WI signal inten-
sity and enhancement pattern

T2WI, T2-weighted image; MRI, magnetic resonance imaging

detect and grade fibrosis may help in the differentiation of fi-
brotic from inflammatory strictures, which would be conducive
to selection of optimal treatment strategies.

As bowel inflammation and fibrosis coexist to varying de-
grees in patients with CD, the question is whether the evalu-
ation of fibrosis with ADC remains valid whatever the grade
of inflammation. Interestingly, we found that the strength of
the correlation of ADC with fibrosis and the ability of ADC to
distinguish different grades of fibrosis decreased with increas-
ing degree of inflammation. ADC had acceptable efficacy in
terms of quantitatively detecting deposition of collagen fibers
in mildly inflamed bowel walls but had no diagnostic accura-
cy in case of moderate to severe inflammation. The value of
the ADC for diagnosis of bowel fibrosis needs to be
interpreted according to the degree of inflammation.
Combination with conventional MRI sequences can be useful:
if the bowel wall contains mild inflammation according to
T2WTI hypointensity, ADC can be used to quantitatively assess
the degree of fibrosis; if the bowel wall has severe inflamma-
tion according to T2WI hyperintensity, the use of ADC to
evaluate bowel fibrosis is irrelevant.

Our study has some limitations. First, the surgical speci-
mens used as the reference standard for more severe disease
resulted in a smaller subset of bowel segments with absent or
mild fibrosis. We selected some specimens with normal sur-
gical findings. However, no histopathologically normal bowel
wall segments were found in our study because inflammation
and fibrosis always coexisted in specimens resected from sur-
gical patients. Second, an accurate point-by-point comparison
of the intestine on DWI with the resected specimen was diffi-
cult but was partially addressed by hypotonic bowel prepara-
tion, decreased peristalsis of the affected bowel, and a short
interval between DWI and surgery. We used region-by-region
correlation of DWI results with surgical specimens by identi-
fying the gross lesion or anatomic structure in the same slice.

@ Springer

Conclusion

In this study, we found that ADC could be used to assess
bowel inflammation and fibrosis in patients with CD.
However, the ability of ADC to evaluate bowel fibrosis de-
creased with increasing degrees of bowel inflammation. In
patients with CD, ADC enables accurate detection of the de-
gree of fibrosis only in the bowel wall with mild inflammation
and not in case of moderate to severe inflammation.
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