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Abstract

Objectives Intravoxel incoherent motion (IVIM) diffusion-weighted magnetic resonance imaging (MRI) provides information on both

perfusion and diffusion and has been used to evaluate Crohn’s disease (CD) activity and fibrosis in children; however, there are no

reports on its use in adults. We aimed to determine its value for detecting and grading intestinal fibrosis in adults with CD compared

with contrast-enhanced imaging and traditional diffusion-weighted imaging using surgical histopathology as a reference standard.

Methods Twenty-four adults with CD underwent preoperative IVIM, traditional diffusion-weighted, and contrast-enhanced

imaging. Region-by-region correlations between MRI findings and histologic findings of the surgical specimens were performed.

Imaging parameters including fractional perfusion, perfusion coefficient, and diffusion coefficient for [VIM and apparent diffu-

sion coefficient value for traditional diffusion-weighted imaging and contrast-enhanced parameter of 95 bowel lesions were

measured. Intestinal fibrosis was histologically scored from 0 to 3.

Results The fractional perfusion (r=—0.629, p <0.001) and apparent diffusion coefficient values (»=—0.495, p <0.001) were

significantly correlated with fibrosis scores. Fractional perfusion decreased following increases in fibrosis severity from mild, to

moderate, to severe (p < 0.001). The area under the receiver operating characteristic curve for distinguishing moderate-severe from

mild fibrosis was 0.876 (p < 0.001) for fractional perfusion, followed by 0.802 for apparent diffusion coefficient value (p <0.001).

Perfusion coefficient, diffusion coefficient, and contrast-enhanced parameter were uncorrelated with histological fibrosis.

Conclusions TVIM diffusion-weighted magnetic resonance imaging outperforms traditional diffusion-weighted and contrast-

enhanced imaging in grading bowel fibrosis, and fractional perfusion may be a promising biomarker for fibrosis severity in

adults with CD.

Key Points

o Intravoxel incoherent motion diffusion-weighted MRI outperforms contrast-enhanced imaging and traditional diffusion-
weighted MRI for detecting and grading intestinal fibrosis in adult Crohn’s disease.

* The parameter fractional perfusion, a promising biomarker for fibrosis severity, may be beneficial for treatment planning and
monitoring of bowel fibrosis in adult Crohn’s disease.

* Perfusion coefficient, diffusion coefficient, and the percentage of enhancement gain between 70 s and 7 min were uncorrelated
with histological fibrosis.
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Abbreviations

ADC  Apparent diffusion coefficient
AUCs Areas under ROC curves

CD Crohn’s disease

CDAI Crohn’s disease activity index
CE Contrast-enhanced

CRP  C-reactive protein

DWI  Diffusion-weighted imaging

ESR  Erythrocyte sedimentation rate
FOV  Field of view

ICCs  Intraclass correlation coefficients
IVIM Intravoxel incoherent motion
MRE  Magnetic resonance enterography
MRI  Magnetic resonance imaging
ROC  Receiver operating characteristic

ROI Region of interest
SI Signal intensity
WSIs  Wall signal intensities

Introduction

Crohn’s disease (CD) is a chronic relapsing inflammatory dis-
order of the gastrointestinal tract. CD causes progressive loss
of bowel structure and function, and bowel inflammation and
tissue remodeling over time can lead to mural collagen depo-
sition and intestinal fibrosis [1, 2]. Detecting and grading the
severity of mural fibrosis are essential because currently, no
medical treatment can relieve severe bowel wall fibrosis and it
requires endoscopic or surgical treatment [3]. Moreover, the
detection of an early fibrotic stage might enable progress in
new antifibrotic treatment and intestinal fibrotic prediction [4].
Distinguishing the early stage of fibrosis from severe fibrotic
strictured CD requiring surgery is challenging. Many tech-
niques, including conventional magnetic resonance imaging
(MRI) and computed tomography, have been applied to this
problem [2, 4, 5]. However, there is no standard for the accu-
rate evaluation of bowel fibrosis [2, 4].

Pathologically, intestinal fibrosis in CD results from exces-
sive extracellular matrix collagen deposition. This pathologi-
cal change may affect blood perfusion and/or molecular dif-
fusion of the involved bowel walls, providing a clue in the
development of new makers for grading intestinal fibrosis. A
conventional perfusion parameter of contrast-enhanced (CE)
MRY], i.e., percentage of enhancement gain between 70 s and
7 min, has been reported to be helpful for assessing bowel
fibrosis [6]. However, studies using CE imaging to assess
bowel fibrosis of CD have produced conflicting results
[6-8]. Traditional diffusion-weighted MRI (DWI) with appar-
ent diffusion coefficient (ADC) value is a non-invasive
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technique sensitive to molecular diffusion in vivo and has
been used to assess CD activity and fibrosis [9—14].
However, the motion of water molecules in tissues is a com-
bination of true diffusion derived from random thermic mo-
lecular motion and perfusion resulting from blood microcir-
culation in the capillary network [15—-17]. The superimposi-
tion of diffusion and perfusion in DWI complicates the bio-
logical interpretation and might limit its specificity.

Intravoxel incoherent motion (IVIM) imaging, a novel
technique based on DWI, is used to quantitatively assess
blood perfusion and pure molecular diffusion. It may be su-
perior to both CE imaging and traditional DWI with regard to
combining the advantages of diffusion and perfusion and pro-
viding independent information about diffusion and perfusion
without intravenous enhancement [15]. In a previous study
[16], IVIM-DWI was used to evaluate liver fibrosis, and de-
creased perfusion was noted in the cirrhotic liver group com-
pared with that in the healthy liver group, suggesting that
IVIM-DWI might help evaluate intestinal fibrosis in CD.

Previously, IVIM-DWI was reported to be able to assess
CD activity or fibrosis [17-19]. To our knowledge, no study
has investigated the efficacy of IVIM-DWI for evaluating
bowel fibrosis in adults with CD, using surgical histopatholo-
gy as the reference standard. This study aimed to determine
the value of IVIM-DWTI for detecting and grading bowel wall
fibrosis in adults with CD compared with that of CE imaging
and traditional DWI, using surgical histopathology as the ref-
erence standard. We hypothesized that the perfusion-related
parameters derived from IVIM-DWI outperformed CE imag-
ing and traditional DWI for grading intestinal fibrosis.

Materials and methods
Patients

From July 2016 to January 2017, 26 consecutive adult patients
with CD scheduled for elective surgery were recruited
from our institute. The inclusion criteria were patients aged
> 18 years with a diagnosis of CD based on standard clinical,
imaging, endoscopic, and histological criteria, who were non-
responsive to medical treatment (non-response was defined
for those patients who did not achieve treatment goals as a
ACD activity index > 100 points) [20]; preoperative magnetic
resonance enterography (MRE) within 15 days of elective
surgery; and pathological bowel segments identified on MRI
at the same location as the histologic findings. The exclusion
criteria were inadequate MRE image quality of IVIM-DWI,
traditional DWI, or CE imaging; and/or the presence of other
bowel diseases, such as adenocarcinoma. The institutional
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ethics review board approved this prospective study, and writ-
ten informed consent was obtained from all patients.

MRI protocol

Bowel preparation was performed as described previously
[11]. Briefly, patients ingested a polyethylene glycol electro-
lyte solution for 68 h, followed by 16002000 mL of 2.5%
mannitol solution as an oral contrast agent 1 h before MRE.
Ten milligrams of raceanisodamine hydrochloride (Minsheng
Pharmaceutical Group Co.) was injected intramuscularly into
the buttocks 10 min before MRE.

MRE (Table 1) was performed on a 3-T MR system
(Magnetom Trio; Siemens Healthineers) equipped with eight-
channel phased-array body coils, including (1) T2-weighted
imaging for locating the abnormal bowels; (2) [IVIM-DWI se-
quence; the ADC map of traditional DWI was reconstructed
from the original IVIM-DWI data using selected b-values of
0-1000 s/mm” with a monoexponential model; and (3) CE
imaging sequence before and at 15 s, 70 s, and 7 min after an
intravenous injection of 0-2 mL/kg gadopentetate dimeglumine
(Gd-DTPA) at a rate of 2 mL/s.

MRI analysis
IVIM-DWI and traditional DWI analysis

IVIM-DWTI data calculation was performed with prototype
post-processing software based on MATLAB (Math Works
Inc.). The IVIM-DWTI data were fitted with a biexponential
model to generate three parameter maps quantifying diffusion
and perfusion properties: the diffusion coefficient, representing
molecular diffusion resulting from Brownian motion (units
10~ mm?/s); the perfusion coefficient, representing molecular

perfusion resulting from blood microcirculation in the capillary
network due to the pseudorandom orientation of capillaries at
the voxel level (unit 107 mmz/s); the fractional perfusion, de-
termined as the fractional microcirculation volume of the
voxel involving only capillaries with blood flow (percent-
age). The IVIM-DWI parameters were calculated using S,/
So = (1-F)eexp (-b*D) + Feexp (-beD*), where S}, is the sig-
nal intensity of the image at a certain b-value, S, is the
baseline signal intensity without applying a diffusion gra-
dient, F is the fractional perfusion, D is the diffusion coef-
ficient, and D* is the perfusion coefficient [15].

Three IVIM-DWI parameters and ADC values were
measured by two radiologists with 5 (M.Z.) and 8 (X.L.)
years of experience in gastrointestinal radiology, who were
blinded to the clinical and pathological information. Three
regions of interest (ROIs) were drawn in the abnormal
bowel walls, excluding the bowel content, on the original
IVIM-DWI images by both radiologists independently.
The ROIs were copied and pasted into the three calculated
IVIM maps and the ADC maps to measure the quantitative
parameters. The average values of the six ROIs from both
radiologists were used in the subsequent analysis.

CE parameter analysis

The wall signal intensities (WSIs) on CE images acquired at 70 s
and 7 min were measured in the same region within the abnormal
bowel walls by two radiologists with 5 (M.Z.) and 8 (Z.F.) years
of experience in bowel MRI; they had no knowledge of the clin-
ical or pathological information. Three ROIs were placed on the
full thickness of the bowel walls in the case of homogeneously
transmural enhancement or on the submucosa-muscularis layer in
the case of stratified enhancement. The average WSIs of the six
ROIs were recorded. The percentage of enhancement gain

Table 1 MRI sequences and

parameters Parameter T2WI HASTE IVIM-DWI SS-SE-EPI VIBE

Orientation 2D axial 2D axial 3D coronal
Acquisition matrix 320 x 194 132 x 132 320 x217
Flip angle (°) 160 13
Slice thickness (mm) 4 5 2
Echo time (ms) 87 80 1.37
Repetition time (ms) 1200 3200 4.37
Number of slices 18 18 80
Respiratory control Breath-hold Free-breathing Breath-hold
b factors (s/mm?) 0, 10, 20, 40, 60, 80, 100, 150,

300, 600, 1000, 1500, 2000
Acquisition time (s) 24 308 28

HASTE, half-Fourier acquisition single-shot turbo spin echo; /VIM-DWI, intravoxel incoherent motion diffusion-
weighted magnetic resonance imaging; SS-SE-EPI, single-shot spin-echo echo-planar imaging; V/BE, volumetric
interpolated breath-hold examination; 2D, two-dimensional; 3D, three-dimensional
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between 70 s and 7 min was calculated using the following equa-
tion [6]: % gain =[(WSI 7 min—WSI 70 s)/(WSI 70 s)] x 100.

Region-by-region correlations between MRI
and surgical specimens

The surgical specimens were dissected by a radiologist (S.H.),
who was not blinded to the imaging and surgical information.
Similar to the previous studies [6, 14, 21], the specimens were
sectioned at 4- to 5-cm intervals to obtain matching bowel
segments for histologic and MRI evaluations (Fig. 1). Three
to five specimens were obtained from every patient according
to the number of resected bowel segments and the disecase
extent.

Histopathological examination

The samples were fixed in formalin, embedded in paraffin,
and then sliced into 4-um-thick sections. One section was
stained with Masson trichrome to assess the bowel fibrosis.
Histological fibrosis in the most severe pathological areas was
scored as described previously [21-23] by a pathologist
(Q.C.) without knowledge of the clinical or MRI information
(Table 2). The fibrosis was then further divided into mild
(scores 0—1) and moderate-severe (scores 2—3) groups.

Statistical analysis

The statistical analysis was performed with two-sided compari-
sons using SPSS version 20.0 software (SPSS Inc.). P<0.05
was considered statistically significant. Normally distributed
quantitative data are presented as means and standard devia-
tions, whereas non-normally distributed quantitative data are
presented as medians and interquartile ranges. The bivariate
correlations between MRI parameters and histological fibrosis
grades were analyzed using Spearman’s rank correlation. A cor-
relation coefficient () <0.01 was considered none, 0.01-0.24
minimal, 0.25-0.49 fair, 0.50—0.74 moderate to good, and 0.75—
1.00 very good to excellent. Differences in [VIM parameters and
ADC values among different histological fibrosis grades were
assessed with the Kruskal-Wallis test. One-way analysis of var-
iance was performed to analyze differences in CE parameters
between different fibrosis groups. The Wilcoxon test was used
for bivariate comparisons. The areas under the receiver operat-
ing characteristic (ROC) curves (AUCs) were analyzed to deter-
mine the optimal threshold according to the Youden index.
Multiple linear regression was performed by the stepwise meth-
od using the dependent variable (fibrosis score) and the inde-
pendent variables IVIM-DWI parameters, ADC value, and CE
parameter) to test whether a combined index could have better
predictive value for grading bowel fibrosis. Interobserver agree-
ment evaluated using intraclass correlation coefficients (ICCs)
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was classified as poor (< 0.40), fair (0.40-0.59), good (0.60—
0.74), or excellent (0.75-1.00).

Results
Demographic and clinical data

Of 26 patients, 2 were excluded from the analysis because of
inadequate MRI quality due to insufficient intestinal distension
in one and resected bowel segment containing adenocarcinoma
in the other. The final enrolled population comprised 24 patients
(14 men, 10 women; mean age 30 [26.50, 40.75] years) and 95
specimens from 37 resected bowel segments. The average wall
thickness of the 95 specimens was 7.43 +3.82 mm on CE im-
ages. The demographic characteristics are shown in Table 3.

IVIM-DWI, ADC value, and CE parameter for bowel
fibrosis evaluation

IVIM-DWI and ADC values

There was a good negative correlation between fractional perfu-
sion (0.33 +0.13) and histological fibrosis score (»=—10.629,
p<0.001; Table 4). The pairwise comparison showed signifi-
cantly lower fractional perfusion in severe fibrosis (0.23 [0.19,
0.27]; Fig. 2) than in moderate (0.29 [0.23, 0.33]; x°=17.01,
p=0.02) and mild (0.43 [0.35, 0.60]; x° =46.99, p <0.001) fi-
brosis. The fractional perfusion of moderate fibrosis was also
significantly (x’=29.97, p <0.001) lower than that of mild fi-
brosis (Fig. 3a). There was no significant correlation of perfusion
coefficient ([9.10+5.55] x 10™ mm?/s; r=—0.194, p=0.059)
or diffusion coefficient ([0.89+0.25] % 10 mm?/s; r=
—0.035, p=0.740) with histological fibrosis grade (Table 4).
There was a fair negative correlation between ADC values
([1.75+0.75] x 10 mm?/s) and histological fibrosis grade
(r=—0.495, p<0.001; Table 4). The ADC values of moder-
ate fibrosis (1.35 [1.20, 1.89] x 10> mm?/s) were significantly
lower than those of mild (1.96 [1.58,2.87] x 10~ mm?/s; x° =
24.67, p<0.001) fibrosis. Significantly lower ADC values
were noted in severe fibrosis (1.28 [1.28, 1.44] x 10~ mm?/
s) than in mild fibrosis (XZ =36.64, p <0.001). However, there
was no significant difference in the ADC values between se-
vere and moderate fibrosis (x° = 7.066, p = 0.09) (Fig. 3b).
Fractional perfusion had a high accuracy, with an AUC of
0.876 (95% confidence interval [CI] 0.79-0.96, p < 0.001) for
differentiating moderate-severe from mild bowel wall fibrosis;
ADC values ranked next in accuracy (AUC = 0.802; 95% CI,
0.71-0.90; p <0.001) (Fig. 4). Using a threshold fractional
perfusion of 0.33, the sensitivity and specificity values were
92.60% and 82.40%, respectively. The regression model (in-
testinal fibrosis score =[3.210-3.969 x fractional perfusion;
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Fig. 1 Region-by-region
correlations between MRI and
surgical specimens in a 34-year-
old man with severe CD of the
ileocecum and ascending colon.
One specimen (line a) from the
prominently thickened bowel
wall corresponding to the same
level of the ileocecal valve and
another specimen (line b) from
the most stenosed segment
(arrow) in the ascending colon at
4 cm distal to the ileocecal valve
are localized on both coronal fat-
saturated T1-weighted image (a)
and the surgically resected
intestine (b) for correlation. Axial
T2-weighted (c) and CE fat-
saturated T'1-weighted (d) images
showed marked bowel wall
thickening (arrows) and luminal
narrowing with bowel wall
hyperenhancement (enhancement
gain between 70 s and 7 min =
54%). Axial IVIM-DWI (e) (b=
0), calculated IVIM-DWI
parameters including diffusion
coefficient (f), fractional
perfusion (g), perfusion
coefficient (h), and ADC value (i)
from traditional DWI showed
diffusion coefficient = 0.85 x

107 mmz/s, fractional

perfusion = 0.29, perfusion
coefficient = 13.6 x 10~ mm?/s,
and ADC = 1.29 x 10~ mm?/s.
Masson trichrome staining
depicting transmural fibrosis (j)
(blue area: score = 2, indicating
moderate fibrosis, % 2
magnification). CD, Crohn’s
disease; MRI, magnetic
resonance imaging

F=28.14, p <0.001]) indicated that fractional perfusion was the
only significant explanatory variable to reflect bowel fibrosis.

The interobserver agreement was fair to good, with ICCs of
0.851 (95% C1, 0.77-0.91), 0.855 (95% CI, 0.77-0.91), 0.719
(95% C1, 0.56-0.82), and 0.832 (95% CI, 0.72-0.90) for the
fractional perfusion, diffusion coefficient, perfusion coeffi-
cient, and ADC values, respectively (all p <0.001).

Percentage of enhancement gain between 70 s and 7 min

The correlation between the percentage of enhancement gain
(0.23 £0.21) and bowel fibrosis score was non-significant (r =
—0.051, p=0.683; Table 4). There was also no significant differ-
ence in this CE parameter among mild (0.23 + 0.22), moderate (0.26
+0.23), and severe (0.19 +0.19) fibrosis (£'=0.616, p = 0.543).
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Table 2  Histologic scoring for bowel fibrosis of Crohn’s disease Table 4 Correlations between MRI parameters and intestinal fibrosis
scores
Score Fibrosis
MRI parameters r p
0 (none) No fibrosis
1 (mild) Minimal fibrosis in the submucosa or subserosa, IVIM-DWI
or increased submucosal fibrosis, septa into Diffusion coefficient -0.035 0.740
the muscularis propria Perfusion coefficient -0.194 0.059
2 (moderate) Septa t}lljrough tlhe 11111uscularis propria, increase Fractional perfusion 20.629 <0.001
. m.su serosal collagen Traditional DWI
3 (severe) Significant transmural scar, marked ADC value 0495 <0.001
subserosal collagen
CE parameter: percentage -0.051 0.683

Histological evaluation

The bowel fibrosis was graded as none (7 =0), mild (n=27),
moderate (n =45), or severe (n = 23), resulting in 27 mild and
68 moderate-severe fibrotic bowel segments. Vascular sclero-
sis with wall thickening and lumen narrowing was found in
the resected bowel walls with the most severe pathology.

Discussion

Our study demonstrates that fractional perfusion, which is
derived from IVIM and linked to the blood volume of the
microcirculation in the capillary network, correlates with the

of enhancement gain
between 70 s and 7 min

ADC, apparent diffusion coefficient; CE, contrast-enhanced; DWI,
diffusion-weighted imaging

degree of intestinal fibrosis in adult CD patients. Perfusion is
decreased in fibrotic bowel wall and might therefore be a good
parameter for the severity of collagen deposition.

Bowel fibrosis is a hallmark of severe CD and a major
contributor to medical treatment failure and hospitalization
with surgical resection. Currently, intestinal fibrosis is consid-
ered a dynamic and reversible disease instead of a static and
irreversible entity [2, 4, 24]. Available biomarkers for detect-
ing early fibrotic stage and accurately grading intestinal fibro-
sis might allow for new antifibrotic agents and intestinal

Table 3 Baseline demographic
and clinical characteristics of the

n=24

patients
Gender: female/male

Age, medians (IQR), years

Disease duration, medians (IQR), months
The interval between MRE and surgery, medians (IQR), days

Less than 7 days

Between 7 and 15 days
Surgery type, n (%)

Partial small bowel resection

Terminal ileum and ileocecum resection

Partial colectomy

Partial small bowel resection and partial colectomy
Partial small bowel resection and colectomy

Number of bowel specimens, 7 (%)

Terminal ileum
Proximal ileum + jejunum
Colon
CDALI, medians (IQR)
CRP, medians (IQR), mg/L
ESR, medians (IQR), mm/h

10/14
30 (26.50, 40.75)
30 (16.50, 120.00)
7275, 12.75)
;
17

4(16.67%)
6 (25.00%)
4 (16.67%)
8 (33.33%)
2 (8.30%)

34 (35.79%)
22 (23.16%)
39 (41.05%)
293.20 (148.42, 323.25)
25.15 (3.65, 38.25)
40 (16.25, 53.75)

Values are presented as median (interquartile range) or n (%)

CDAI, Crohn’s disease activity index; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; /OR, inter-

quartile ranges
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Fig. 2 A 41-year-old man with
severe CD of the proximal ileum.
a Axial T2-weighted and b CE
fat-saturated T1-weighted images
showed marked bowel wall
thickening (arrows) and luminal
narrowing with mural
hyperenhancement (the
percentage of enhancement gain
between 70 s and 7 min =27%). ¢
Axial IVIM-DWI (b =0),
calculated IVIM-DWI parameters
including d diffusion coefficient,
e fractional perfusion, f perfusion
coefficient, and g ADC value
from traditional DWI showed
diffusion coefficient=0.67 x

10 mm?/s, fractional perfu-
sion = 0.26, perfusion coeffi-
cient= 8.94 x 10> mm?/s, and
ADC = 1.09 x 10~ mm*s. h
Masson trichrome staining
depicting transmural fibrosis
(blue area: score = 3, indicating
severe fibrosis, % 0.45
magnification). ADC, apparent
diffusion coefficient; CD, Crohn’s
disease; CE, contrast-enhanced;
DWI, diffusion-weighted
imaging; IVIM, intravoxel
incoherent motion; MRE,
magnetic resonance
enterography; MRI, magnetic
resonance imaging

fibrosis prediction. Conventional imaging is still insufficient
for detecting bowel fibrosis [7, 23, 25]. Magnetization-
transfer MRI enables intestinal fibrosis assessment in human
CD [21]. However, multicenter and large-sample data to ver-
ify its effectiveness are still required. The utility of ultrasound
elastography for bowel fibrosis is limited by the operator and
is observer-dependent [26]. Although several novel imaging
approaches have been studied, no single modality, currently,
can accurately assess bowel fibrosis.

Pathologically, long-standing disease with the excessive
deposition of collagen fibers in the extracellular matrix causes
vascular sclerosis with a characteristic vascular wall thicken-
ing and lumen narrowing [27, 28]. These vascular changes
might cause a reduction in blood perfusion within the fibrotic
bowel walls [27, 28]. A previous study using CE ultrasound
demonstrated a decrease in blood volume in fibrotic CD com-
pared with no CD and inflammatory CD [29]. Hence, the
quantification of blood perfusion within the bowel walls
might help to grade intestinal fibrosis.

IVIM is a non-invasive MRI technique that can provide
quantitative information about blood perfusion via fractional
perfusion and perfusion coefficient without contrast administra-
tion. Fractional perfusion has been shown to decrease with
increasing liver fibrosis stages [30], and the perfusion coeffi-
cient in the cirrhotic liver, compared with that in the healthy
liver, was shown to be reduced [16]. In IVIM characterizing
CD, previous investigators found a significantly lower fraction-
al perfusion, higher perfusion coefficient, and no significant
difference in the diffusion coefficient of the enhanced compared
with that of the non-enhanced bowel wall of children with CD
[17]. Reduced fractional perfusion in bowel segments with in-
flammatory activity with CD was found in other studies [18,
19]. However, the evaluation of intestinal fibrosis using the
IVIM technique in adult CD has not been well studied.

Our study demonstrated a negative correlation between
fractional perfusion and histologic fibrosis in adult CD. This
might be partly explained by the reason that the bowel fibrosis
causes vascular damage, increases resistance to blood flow,
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and leads to decreased perfusion within the affected bowel
walls [27, 28]. Moreover, fractional perfusion was accurate
for differentiating moderate-severe fibrosis from mild fibrosis.
Consequently, fractional perfusion might be a promising bio-
marker for grading intestinal fibrosis and provides benefits for
treatment planning and monitoring of bowel fibrosis in adult
CD. However, inconsistent with the result of a previous study
on liver fibrosis [16], no correlation between bowel fibrosis
and perfusion coefficient was demonstrated in our study. This
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may be due to the low signal-to-noise ratio of the reconstruct-
ed perfusion coefficient images [31, 32].

Decreased ADC values with increasing intestinal fibrosis
were demonstrated in our study, which was in accordance with
prior studies [13, 14]. However, in our study, ADC values
failed to distinguish severe from moderate fibrosis and was
inferior to fractional perfusion in further grading intestinal
fibrosis. The fact that ADC value was influenced by both
diffusion and perfusion effects [15] might limit its specificity
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Fig. 4 The ROC curve
demonstrates that fractional
perfusion has a high accuracy,
with an AUC of 0.876, for
differentiating between mild and
moderate-severe bowel wall
fibrosis, followed by ADC value
with an AUC 0f 0.802. ADC,
apparent diffusion coefficient;
AUC, area under ROC curve;
ROC, receiver operating
characteristics

Sensitivity

T [ J Sourece of the Curve

«Fractional Perfusion
v ADC value

- Reference line

for CD fibrosis. Moreover, our result demonstrated that diffu-
sion coefficient showed poor performance in detecting bowel
fibrosis compared with ADC values, indicating that reduced
blood perfusion, instead of the restricted diffusion of water
molecules, correlates with tissue fibrosis [15, 16, 30]. In other
words, the negative correlation between ADC value and in-
testinal fibrosis might be due to the component of blood per-
fusion in ADC value besides diffusion coefficient [15, 16, 30].
Hence, perfusion-related parameters (e.g., fractional perfu-
sion) may be more suitable for the assessment of bowel fibro-
sis. In addition, although the percentage of enhancement gain
has been reported to be able to discriminate between mild-
moderate and severe fibrosis [6], no correlation between this
CE parameter and intestinal fibrosis was found in our study,
which was consistent with the results of other studies [6, 7].
Fractional perfusion outperformed CE imaging and ADC val-
ue in grading bowel fibrosis and might be a clinically appli-
cable alternative non-invasive tool and an important supple-
ment to traditional MRE in intestinal fibrosis assessment.
After accurately locating the CD lesions by traditional MRE,
IVIM-DWTI provides a perfusion index for detecting bowel
fibrosis of the lesions.

Our study has some limitations. First, because most of the
surgical specimens were severely fibrotic, the comparison of
IVIM-DWI parameters between fibrotic and non-fibrotic bowel
walls was compromised by the absence of non-fibrotic speci-
mens. The efficacy of IVIM-DWI for assessing bowel fibrosis
in an earlier stage of CD needs to be further clarified. Second,
we only analyzed bowel fibrosis after excluding the assessment
of bowel inflammation in this preliminary study to create a
more focused object to test [VIM-DWI. Third, bowel peristalsis
made it difficult to obtain precise point-by-point correlations
between MRI and surgical specimens. With hypotonic bowel
preparation and a short interval between MRI and surgery, we
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achieved region-by-region correlations between MRI and the
specimens by identifying the anatomical structure or gross le-
sion in the same slice. Lastly, the reproducibility and certainty
of the perfusion coefficient were not excellent, as demonstrated
by the fair interreader agreement. This limitation has also been
reported by other investigators [31, 32].

In conclusion, fractional perfusion, derived from IVIM-DWI
without contrast administration, outperformed ADC value and
CE imaging in accurately grading intestinal fibrosis in adult
patients with CD. Fractional perfusion is a potential biological
marker of bowel perfusion and may be beneficial for treatment
planning and monitoring of bowel fibrosis in adult CD.
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