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Results:

Conclusion:

©RSNA, 2015

To determine whether magnetic resonance (MR) enterog-
raphy performed with diffusion-weighted imaging (DWI)
without intravenous contrast material is noninferior to
contrast material-enhanced (CE) MR enterography for the
evaluation of small-bowel inflammation in Crohn disease.

Institutional review board approval and informed consent were
obtained for this prospective noninferiority study. Fifty consec-
utive adults suspected of having Crohn disease underwent clin-
ical assessment, MR enterography, and ileocolonoscopy within
1 week. MR enterography included conventional imaging and
DWI (b = 900 sec/mm?). In 44 patients with Crohn disease,
171 small-bowel segments that were generally well distended
and showed a wide range of findings, from normalcy to severe
inflammation (34 men, 10 women; mean age = standard de-
viation, 26.9 years = 6.1), were selected for analysis. Image
sets consisting of (a) T2-weighted sequences with DWI and (b)
T2-weighted sequences with CE T1-weighted sequences were
reviewed by using a crossover design with blinding and ran-
domization. Statistical analyses included noninferiority testing
regarding proportional agreement between DWI and CE MR
enterography for the identification of bowel inflammation with
a noninferiority margin of 80%, correlation between DWI and
CE MR enterography scores of bowel inflammation severity,
and comparison of accuracy between DWI and CE MR en-
terography for the diagnosis of terminal ileal inflammation by
using endoscopic findings as the reference standard.

The agreement between DWI and CE MR enterography for
the identification of bowel inflammation was 91.8% (157 of
171 segments; one-sided 95% confidence interval: =88.4%).
The correlation coefficient between DWI and CE MR enterog-
raphy scores was 0.937 (P < .001). DWI and CE MR enterog-
raphy did not differ significantly regarding the sensitivity and
specificity for the diagnosis of terminal ileal inflammation (P
> .999). DWI and CE MR enterography concurred in the di-
agnosis of penetrating complications in five of eight segments.

DWI MR enterography was noninferior to CE MR enterog-
raphy for the evaluation of inflammation in Crohn disease
in generally well-distended small bowel, except for the di-
agnosis of penetration.

©RSNA, 2015

Online supplemental material is available for this article.
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agnetic resonance (MR) en-

terography plays an impor-

tant role in the evaluation
of Crohn disease (CD). The current
standard MR enterography method
for the evaluation of CD involves the
use of intravenous contrast material.
Intravenous contrast material-en-
hanced (CE) MR enterography is dif-
ficult to perform in patients who are
at risk for contrast material allergy or
other adverse reactions, those with

Advances in Knowledge

B MR enterography performed by
using diffusion-weighted imaging
(DWI), involving T2-weighted
sequences with DWI without the
use of intravenous contrast mate-
rial, was noninferior to contrast
material-enhanced (CE) MR
enterography with the use of
T2-weighted sequences and CE
T1-weighted sequences to distin-
guish the presence or absence of
small-bowel inflammation in
Crohn disease (CD); 91.8%
agreement was achieved (157 of
171 segments; one-sided 95%
confidence interval: =88.4%).

® DWI and CE MR enterography
did not differ significantly re-
garding the sensitivity and speci-
ficity of the diagnosis of endo-
scopically confirmed (defined as
a segmental CD endoscopic
index of severity [CDEIS] score
of =3) terminal ileal inflamma-
tion in CD (P > .999).

B Semiquantitative scores of inflam-
mation severity in the small
bowel in CD assessed by using
DWI and CE MR enterography
demonstrated strong correlation
(correlation coefficient, 0.937; P
< .001).

® DWI and CE MR enterography
scores of small-bowel inflamma-
tion did not differ significantly
regarding the correlation with
CDEIS scores in the terminal
ileum (correlation coefficients of
0.606 and 0.706, respectively; P
= .110).

impaired renal function, or those with
contraindications to intravenous con-
trast material administration, such as
pregnancy. These risks are relevant to
patients with CD because the occur-
rence of renal insufficiency is not rare
in CD for various reasons (18% in a
recent study [1]), and many patients
with CD are of reproductive age. Ad-
ditionally, intravenous MR contrast
material carries a small but genuine
risk of nephrogenic systemic fibrosis,
and young patients may be at a higher
risk because of long-term gadolinium
retention from repeated examinations
(2,3). Therefore, performing MR en-
terography without using intravenous
contrast material in patients with CD
would allow for increased flexibility
in clinical practice, not to mention
cost savings. Diffusion-weighted im-
aging (DWI) has been recognized as
a new imaging biomarker for the as-
sessment of bowel inflammation in CD
(4-15). Several studies demonstrated
strong correlations between diffusion
restriction in the bowel wall assessed
by using DWI or a composite index
derived from diffusion restriction and
the severity of bowel inflammation as-
sessed by using CE MR enterography
in patients with CD; therefore, it was
suggested that DWI may potentially
allow the performance of MR enterog-
raphy without intravenous contrast
material for the evaluation of CD
(5,6,9). This issue, whether MR en-
terography can be performed by us-
ing DWI without intravenous contrast
material while maintaining diagnos-
tic capability, should be investigated
properly by using a noninferiority
study design (16). To our knowledge,

Implication for Patient Care

® MR enterography performed by
using DWI without intravenous
contrast material can be a viable
option for the evaluation of
small-bowel inflammation in CD
that is unassociated with pene-
trating complications and can be
particularly helpful when a CE
examination is difficult to
perform.

relevant noninferiority studies have
not yet been reported. Moreover, in
previous studies, investigators did not
report correlations with endoscopy
findings (6,9) or only reported retro-
spective correlations with endoscopy
findings (5). The purpose of this study
was to determine whether MR en-
terography performed by using DWI
without intravenous contrast material
is noninferior to conventional CE MR
enterography for the evaluation of
small-bowel inflammation in CD.

Materials and Methods

This prospective study was supported
by a grant from Dongkook Pharmaceu-
tical in Seoul, South Korea. The authors
had full control of the data and the in-
formation submitted for publication.
The institutional review board of Asan
Medical Center approved this study. In-
formed patient consent was obtained.

Patients

Patients who were examined in the
Inflammatory Bowel Disease Cen-
ter of Asan Medical Center, an aca-
demic referral institution, and who
fulfilled the following criteria were

Published online before print
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Abbreviations:

ADC = apparent diffusion coefficient

CD = Crohn disease

CDEIS = CD endoscopic index of severity
CE = contrast material enhanced

Cl = confidence interval

DWI = diffusion-weighted imaging
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contacted regarding study participa-
tion: (a) adults (=18 years old) who
were referred for suspicion of CD or
initial diagnosis of CD, (b) no history
of bowel resection, (c¢) no emergency
care required, and (d) no contrain-
dications to MR enterography. Of 54
consecutive patients between October
2012 and December 2013, 50 patients
(38 men and 12 women; mean age *
standard deviation, 27.7 years = 6.4)
agreed to participate (Fig 1). The
same cohort was reported elsewhere,
where it was addressed whether DWI
had incremental diagnostic value
compared with conventional CE MR
enterography in the colorectum and
terminal ileum (4). Apart from the

main study cohort, a group of 30 sim-
ilar patients with CD (25 men and
five women; mean age, 24.4 years *
5.5) were randomly chosen from our
clinical MR enterography registry (the
study was performed between August
2013 and July 2014 by using the same
technique as that in the present study)
for supplemental analysis of observer
reproducibility.

Study Procedures

All 50 prospective patients under-
went clinical assessment, including
CD activity index, MR enterogra-
phy, and colonoscopy within 1 week
(median time between assessments,
1 day). Patients were not allowed to

| 50 patients met eligibility criteria and were enrolled |

v

1 week

50 patients underwent all study procedures including
clinical assessment, MRE, and endoscopy within

6 patients were excluded
3 were finally diagnosed with
a condition other than CD

i 3 had MRE examinations
technically inadequate for
diagnostic evaluation

v

44 patients with CD were finally included, in whom
a total of 171 small bowel segments were
evaluated, of which 39 terminal ileal segments
had endoscopic reference standard

| Patients were randomly split into 2 groups |

v

22 patients whose CE-MRE
images were reviewed in
the 15t reading session

15t reading
session

: 22 patients whose DWI-MRE :
1 images were reviewed in
L the 1streading session :

I

| 1 month of washout period |

v

2rdreading | 22 patients whose DWI-MRE !

session | images were reviewed in
L the 2" reading session

Figure 1:

22 patients whose CE-MRE
| images were reviewed in
: the 2" reading session

Study flow diagram. MRE = MR enterography.

take medications to modify bowel in-
flammation in CD in between these
examinations.

MR enterography.—MR enterog-
raphy was performed after oral ad-
ministration of 1500 mL of 2.5%
sorbitol solution. A 3-T imaging unit
(Ingenia; Philips Healthcare, Best, the
Netherlands) was used. Briefly, the
following sequences were performed:
coronal T2-weighted half-Fourier se-
quences with and without fat sup-
pression; coronal and axial T2-like
steady-state gradient-echo sequences
with fat suppression; coronal free-
breathing DWI (with b factors of 0
and 900 sec/mm?) and apparent dif-
fusion coefficient (ADC) mapping;
coronal T1-weighted spoiled gradient-
echo sequences with fat suppression,
including unenhanced imaging and en-
teric phase and portal venous phase
sequences performed after intrave-
nous administration of 0.2 mL per ki-
logram of body weight of gadoterate
meglumine (Dotarem; Guerbet, Vil-
lepinte, France) at a rate of 2 mlL/sec
followed by a saline flush; and an axial
delayed CE T1-weighted spoiled gra-
dient-echo sequence with fat suppres-
sion. To avoid bowel peristalsis, 10
mg of scopolamine-N-butyl bromide
(Buscopan; Boehringer Ingelheim, In-
gelheim, Germany) was administered
intravenously three times at intervals
during the imaging examination. Fur-
ther technical details, including injec-
tion timing, are provided in Appendix
E1 and Table E1 (online).

lleocolonoscopy.—Endoscopy was
performed after bowel preparation
by using 4 L of polyethylene glycol.
Three experienced gastroenterolo-
gists (K.J.K., S.K.Y., and Sang H.
Park, each with experience in per-
forming more than 1000 colonoscopy
examinations in patients with CD)
performed the examinations by using
a video colonoscope (CF H260AL or
CF H260AI; Olympus Optical, Tokyo,
Japan). They knew that the patients
were undergoing endoscopy with re-
gard to CD but were unaware of the
MR enterography findings or other
clinical findings. The terminal ileal
findings were used as the reference
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standard for the analysis with regard
to the terminal ileum. The length of
the terminal ileum that was evaluated
was recorded, and its segmental CD
endoscopic index of severity (CDEIS)
(17) was determined. The small bowel
proximal to the terminal ileum was
not evaluated endoscopically.

MR Enterography Review

We identified patients who received
a final diagnosis of CD according to
established clinical, radiologic, endo-
scopic, and histopathologic criteria
(18). A radiologist (S.Y.K., with 2
years of experience in MR enterogra-
phy) checked the technical adequacy
of MR enterography. Three examina-
tions deemed inadequate for diagnos-
tic evaluation were excluded. Then,
another radiologist (Seong H. Park,
with 5 years of experience in MR en-
terography) who did not participate in
any other image review in the study
selected small-bowel segments to be
used in the comparison between con-
ventional MR enterography (ie, T2-
weighted imaging with CE T1-weight-
ed sequences, subsequently referred
to as CE MR enterography) and MR
enterography  without intravenous
contrast material (ie, T2-weighted
imaging with DWI, subsequently re-
ferred to as DWI MR enterography)
by using CE MR enterography images
alone according to the following pre-
determined criteria: (a) the terminal
ileum, (b) a “severely” inflammatory
segment  (typically demonstrating
multiple cardinal findings of bowel in-
flammation and involving most of the
bowel wall in the segment of interest),
(c) a segment with “mild” inflamma-
tion (the segment with the least re-
markable CE MR enterography find-
ings), (d) a segment with penetrating
complications, and (e) well-distended
normal-appearing small bowel (one
segment each for the ileum and the
jejunum, if applicable). The bowel
segments were spatially separated by
selecting them from different vascu-
lar territories or different quadrants
of the abdomen. Since one segment
could fulfill multiple criteria and
some criteria could not be met by

any segments, the actual number of
segments selected in each patient var-
ied. We chose this approach instead
of free-response image interpretation
according to some anatomic or arbi-
trary subdivisions of the small bowel
for several reasons. Free-response in-
terpretation has a substantial risk of
exaggerating the agreement between
DWI and CE MR enterography by
falsely rendering a “concordant” in-
terpretation of two findings of inflam-
mation determined by using two MR
enterography methods for two differ-
ent sites in any bowel subdivision (ie,
two discordant interpretations). Our
method enables accurate location-by-
location comparison between DWI
and CE MR enterography images but
may have a risk of selection bias. To
minimize the selection bias, we pre-
planned the aforementioned criteria,
aiming at assembling bowel segments
by demonstrating a broad spectrum of
findings, from severe inflammation to
normalcy, as seen at CE MR enterog-
raphy. Furthermore, the terminal il-
eum was included for all patients with-
out any artificial selection to enable a
more generalizable unbiased subanal-
ysis. The length of the terminal ileum
that was evaluated endoscopically was
revealed to the readers (for precise
location-wise matching with endos-
copy findings). For other segments,
a bowel length of approximately 10
cm was marked electronically on the
coronal T2-weighted half-Fourier im-
ages in the same manner by using
short lines traversing the bowel at the
start and the end of each segment.
The markings were placed carefully
to avoid inadvertently pointing to any
particular disease processes, such as
a fistulous tract.

Main review.—Images of the
small-bowel segments were interpret-
ed in consensus by two other radiol-
ogists (N.S. and B.K.K., each with 2
years of experience in MR enterogra-
phy) to make a factual comparison be-
tween DWI and CE MR enterography
while minimizing confounding effects.
Instead, we separately analyzed ob-
server reproducibility of DWI MR en-
terography. The readers were blinded

to the endoscopy findings or other
clinical findings, except for the diag-
nosis of CD. They were also unaware
how the bowel segments were se-
lected, which, together with the vary-
ing number of segments per patient,
helped achieve impartial image review.
The patients were randomly assigned
to one of two groups, and the images
were reviewed during two sessions by
using a crossover design (Fig 1). In
the first session, one group of images
was interpreted by using either CE or
DWI MR enterography. After a month
of washout period and random reshuf-
fling of the image review order, the
examination data were interpreted by
using the opposite MR enterography
methods in the second session. The
readers recorded the following find-
ings and scored bowel inflammation
severity according to the methods es-
tablished in previous studies (Table 1)
(4,19,20) for each segment: (a) mural
thickening (score of 0—3); (b) mural
hyperenhancement (score of 0—3, CE
MR enterography only); (c¢) increased
mural or perimural signal intensity on
T2-weighted images, representing en-
teric or perienteric edema (score of
0-3); (d) increased vasa recta (not
included in the severity scoring, CE
MR enterography only); (e) restricted
mural diffusion (score of 0—3, DWI
MR enterography only), defined as
hyperintensity on DWI images (b =
900 sec/mm?) and hypointensity on
ADC maps through a comparison
with lymph nodes and the spleen (4);
and (f) penetrating complications and
their specific nature (not included in
the severity scoring). Distinction of
perienteric abscess from inflammation
and/or phlegmon at CE and DWI MR
imaging was made according to the
presence of apparent rim enhance-
ment and marked diffusion restriction
at DWI (Fig 2) (21), respectively. We
did not measure ADC values, since
ADC measurement in the bowel is
presumably seldom used in clinical
practice, although it has appeared
in research studies. Bowel segments
that demonstrated one or more of the
findings were considered actively in-
flammatory. MR enterography scores
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Table 1

MR Enterography Scores of Bowel Inflammation Severity

Parameter Score of 0 Score of 1 Score of 2 Score of 3
Mural thickness (mm)* 1-3 >3-5 >5-7 >7
Mural signal intensity on Equivalent to Minor increase in signal intensity: Moderate increase in signal Marked increase in signal
T2-weighted images* that of normal Bowel wall appears dark gray intensity: Bowel wall intensity: Bowel wall contains
bowel wall on fat-saturated images appears light gray on areas of high signal intensity,
fat-saturated images approaching that of the luminal
content
Perimural signal intensity on Equivalent to Increase in mesenteric signal Small fluid rim (=2 mm) Larger fluid rim (>2 mm)
T2-weighted images* that of normal intensity but no fluid
mesentery
Enhancement on T1-weighted Equivalent to Minor enhancement in bowel-wall Moderate enhancement: Marked enhancement: Bowel-wall
images (scored at CE MR that of normal signal intensity that is greater Bowel-wall signal intensity signal intensity approaches that
enterography only)* bowel wall than that of normal small bowel increased but somewhat of nearby vascular structures

No increased
diffusion
restriction

Signal intensity on DWI
images (scored at DWI
MR enterography only)t

but markedly less than that of
nearby vascular structures

Increased DWI signal intensity that
is similar to but slightly lower
than that of lymph nodes

less than that of nearby
vascular structures

Increased DWI signal intensity,
indistinguishable from that
of lymph nodes

Increased DWI signal intensity,
higher than that of lymph nodes
and the spleen

Note.—Scores of at least 1 indicate signs of active inflammation.

* According to references 19 and 20.
* According to reference 4.

of bowel inflammation severity (scores
of 0—12) were derived by adding the
individual scores.

Review for observer reproduci-
bility.—Thirty bowel segments were
randomly chosen from the main study
cohort and were mixed with the 30
additional registry patients whose
terminal ilea (10 cm in length) were
used for analysis. The 60 bowel seg-
ments were reviewed by the two study
readers independently, twice in two
sessions 1 month apart, with random
reshuffling of image review order.
This review was conducted more than
6 months apart from the main image
review and clinical interpretation of
the additional registry patient exami-
nation data to avoid recall bias.

Statistical Analysis

Sample size.—Sample size was esti-
mated regarding the primary study
end point, the percentage agreement
between DWI and CE MR enterog-
raphy in the dichotomous
pretation of bowel inflammation.
Expected agreement of 90%, non-
inferiority margin of 80% (ie, delta

inter-

Figure 2

Diffusion-weighted image
b=900 s/mm?2

Apparent diffusion coefficient
(ADC) map

Contrast-enhanced
T1-weighted image

Figure 2: MR enterography images of a perienteric abscess in a 25-year-old man with CD. A 2.7-cm
rim-enhancing perienteric mass (arrows) adjacent to an ileal segment as seen on the CE T1-weighted image
shows marked diffusion restriction at DWI and on the ADC map.

of 10%), power of 80%, o of 5%,
and adjustment for clustered data
structure by using the design effect
n=n-[1+(m— 1)p] (22,23) yield-
ed 45 patients (where where n’ is the
adjusted sample size, n is the unad-
justed sample size, m is the mean
cluster size, and p is the intraclus-
ter correlation). The noninferiority

margin was chosen by considering the
following factors. In a similar nonin-
feriority study on the investigation of
computed tomographic (CT) enterog-
raphy, the same margin was adopted
by considering the reliability of CT
enterography in CD (24), while MR
enterography reportedly has a slightly
lower reliability when compared with
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CT enterography (25,26). A 10% de-
crease in diagnostic outcomes has
typically been adopted as delta in
published noninferiority diagnostic
imaging studies (27). We enrolled 50
patients and assumed a 10% dropout
rate. More details are provided in Ap-
pendix E1 (online).

Dichotomous interpretation of bo-
wel inflammation.—The proportional
agreement between DWI and CE MR
enterography and its one-sided 95% con-
fidence interval (CI) was estimated by
using generalized estimating equations.
The statistical noninferiority of DWI MR
enterography to CE MR enterography
was established if the lower boundary of
the CI was more than 80%. The analysis
was performed for all segments and, as
subanalyses, for the terminal ilea (to ob-
tain results unaffected by the bowel se-
lection) and inflamed segments only (for
a conservative analysis, since normal-
appearing segments, in large numbers,
were likely to inflate the agreement). In
the terminal ileum, the sensitivity and
specificity for diagnosis of active inflam-
mation, defined as a segmental CDEIS
score of at least 3 at endoscopy (28,29),
were compared between DWI and CE
MR enterography by using the McNe-
mar test.

Assessment of bowel inflamma-
tion severity.—The correlation between
DWI and CE MR enterography scores
of bowel inflammation severity was esti-
mated by using the linear mixed model
for all segments, as well as for the ter-
minal ilea and inflamed segments. In the
terminal ileum, the correlation between
the MR enterography scores and endo-
scopic CDEIS scores was also analyzed
by using the Spearman coefficient, and
the results were compared between
DWI and CE MR enterography by using
a modified z statistic (30).

Observer reproducibility of DWI
MR enterography.—Intra- and interob-
server reproducibility was determined
by using proportional agreement and
intraclass correlation coefficients for
the 60 segments and for the 30 ter-
minal ilea of additional patients from
our registry (to obtain more general-
izable results unaffected by the bowel
selection).

Characteristics of Study Subjects

Parameter Value
Mean age (y)*t
All subjects 26.9 = 6.1
Men 26.9 = 5.6
Women 27179
Patient sex
No. of men 34
No. of women 10
Body mass index (kg/m?)t 200+ 29

CD activity index™
Small-bowel segments analyzed
Total no. of segments

Median CE MR enterography score of bowel inflammation

severity
Terminal ileum with endoscopic reference standard*
Median segmental CDEIS score
Segmental CDEIS score = 3*
Segmental CDEIS score < 3*

201.53 £ 111.14

17

2 (0—12) for all segments, 6 (1—12) for
90 segments with scores = 1

39

15.5 (0—34)

30

9

Note.—Numbers in parentheses are ranges.

*There was no significant age difference between men and women (P = .745 according to results of the Mann-Whitney U test).

T Data are means + standard deviations.
* Data are the number of small-bowel segments.

For sample size estimation, PASS
2008 software (NCSS, Kaysville, Utah)
was used, and SAS version 9.2 was
used (SAS Institute, Cary, NC) for other
analyses. A P value less than .05 was
considered to indicate a statistically sig-
nificant difference.

Subjects

Of the 50 patients enrolled, 47 re-
ceived a final diagnosis of CD (Table 2).
Three patients with CD underwent
MR enterography examinations that
were technically inadequate for diag-
nostic evaluation, primarily owing to
bowel peristalsis during CE imaging
in two patients and a large amount
of colonic air that caused artifacts at
DWTI in one patient. The remaining
44 patients (34 men and 10 women;
mean age, 26.9 years * 6.1) consti-
tuted the final cohort for analysis, and
a total of 171 small-bowel segments
were evaluated (Fig 1). The inflam-
mation severity of the selected bowel

segments as assessed with the CE MR
enterography score were distributed
diffusely across the entire value range
(Fig 3), except for uninflamed seg-
ments, indicating that unskewed sam-
pling of bowel segments was achieved.
All 44 patients underwent endoscopy,
but the terminal ileum was evaluated
successfully in 39 patients for a length
of at least 5 cm (range, 5-20 cm; me-
dian length, 10 cm). Thirty patients
had active terminal ileal inflammation
at endoscopy (segmental CDEIS score
= 3), while the remaining nine did
not.

Dichotomous Interpretation of Bowel
Inflammation

The agreement between DWI and CE
MR enterography was 91.8% for all seg-
ments (157 of 171 segments; one-sided
95% CI: =88.4%; Table 3), establish-
ing the statistical noninferiority of DWI
MR enterography. There were 14 seg-
ments where the two MR enterography
methods yielded discordant interpreta-
tions, and the CE MR enterography in-
flammation severity scores ranged from
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0 to 4 (including two terminal ilea, for
which CDEIS scores were 0 and 2).
Thirteen of the 14 segments were in-
terpreted as having negative findings at
DWIMR enterography and positive find-
ings at CE MR enterography for bowel
inflammation. The agreement was 95%
(37 of 39 segments; one-sided 95% CI:

=85%) for the terminal ilea that were
evaluated endoscopically (Table 3),
which also fulfilled the noninferior-
ity criterion, and was 86% (77 of 90
segments; one-sided 95% CI: =79.7%)
for inflamed segments. DWI and CE
MR enterography did not differ signifi-
cantly with regard to the sensitivity and

Number of bowel segments

01 2 3 4 5

6 7 8 9 10 11 12

CE-MRE score of bowel inflammatory severity

Figure 3: Histogram of CE MR enterography (MRE) (including T2-
weighted sequences and CE T1-weighted sequences) scores of bowel
inflammation severity of the small-bowel segments selected for analysis.
The inflammation severity scores for 90 segments that had inflammation
at CE MR enterography distribute diffusely across the entire value range,
indicating an effective sampling of a broad spectrum of bowel inflammation

findings.

specificity for the diagnosis of endos-
copy-proven terminal ileal inflamma-
tion (P > .999; Table 4). Representa-
tive patient examinations are shown in
Figures 4-6.

Assessment of Bowel Inflammation
Severity

The correlation coefficient between
DWI and CE MR enterography scores
of bowel inflammation severity was
0.937 (P < .001) for all segments,
0.869 (P < .001) for the terminal ilea
that were evaluated endoscopically,
and 0.870 (P < .001) for inflamed
segments (Fig 7). The DWI and CE
MR enterography scores did not dif-
fer significantly with regard to the
correlation with CDEIS scores in the
terminal ileum (P = .110), with the
correlation coefficient being 0.606
(P < .001) and 0.706 (P < .001),
respectively.

Observer Reproducibility in DWI MR
Enterography

The reproducibility of DWI MR en-
terography is summarized in Table 5.
Intra- and interobserver reproducibil-
ity was fairly high and tended to be
slightly lower when the terminal ilea
of the external patients were consid-
ered separately.

Assessment of Penetrating Complications

Eight bowel segments showed pene-
trating complications at CE MR en-
terography: four segments with 1.7-
to 2.7-cm abscesses, two segments
with enteroenteric fistula, and one
segment each with sinus tract and

Table 3

Agreement between MR Enterography Methods in the Dichotomous Interpretation of Small-Bowel Inflammation

Findings in All Segments Imaged with DWI MR
Enterography (DWI with T2-weighted sequences)

Terminal lleum Imaged with DWI MR Enterography
(DWI with T2-weighted sequences) and Endoscopy

(n=171) as the Reference Standard (n = 39)

CE MR Enterography Finding Inflammation No Inflammation Total Inflammation No Inflammation Total
Inflammation 77 13 90 30 1 31
No inflammation 1 80 81 1 7 8

Total 78 93 171 31 8 39

Note.—Data are the number of small-bowel segments.
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Table 4

Accuracy of MR Enterography for the Diagnosis of Endoscopically Proven (CDEIS
Score = 3) Active Inflammation in the Terminal lleum

CE MR DWI MR
Parameter Enterography (%) Enterography (%) PValue
Sensitivity* 93 (28/30) 93 (28/30) >.999
Specificity 67 (6/9) 67 (6/9) >.999
Accuracy 87 (34/39) 87 (34/39) Not applicable
Positive predictive value 90 (28/31) 90 (28/31) Not applicable
Negative predictive value 75 (6/8) 75 (6/8) Not applicable

Note.—Numbers in parentheses are the number of segments used to calculate the percentages.

* The interpretive results of CE and DWI MR enterography were exactly the same with regard to sensitivity for segments with
inflammation (CDEIS = 3), whereas, with regard to the other diagnostic parameters, the MR enterography interpretations in
individual bowel segments were not exactly the same despite the same outcome values, owing to the presence of two discordant
interpretations between CE and DWI MR enterography.

Figure 4

Diffusion-weighted image Apparent diffusion coefficient Contrast-enhanced
bh=900 s/mm? (ADC) map T1-weighted image

a.
Figure 4:  DWI MR enterography (T2-weighted
sequences with DWI without intravenous contrast
material) and CE MR enterography images demon-
strate a concordant interpretation and a discordant
interpretation of small-bowel inflammation in a
23-year-old woman with CD. (@) The terminal ileum
(arrows) shows remarkably increased signal inten-
sity on DWI images and hypointensity on the ADC
map, indicating diffusion restriction. It concordantly
shows marked mural thickening and hyperenhance-
ment on the CE T1-weighted image. In contrast,
another ileal segment (arrowheads) with only mild
inflammation as seen on the CE T1-weighted image
does not show diffusion restriction. (b) Colonoscopic
image of the terminal ileum shows multiple deep
ulcers (arrows) and markedly swollen intervening mucosa.

phlegmon. With DWI MR enterog-
raphy, the penetrating complications
were found in seven of eight seg-
ments, there was a failure to detect
a thin 2-cm-long sinus tract, and no
penetrations were reported as un-
seen at CE MR enterography. When
the specific nature of the penetrating
complications was also considered,
DWI and CE MR enterography find-
ings were discordant in two of the
seven segments: A 2.2-cm perienteric
abscess and a phlegmon as seen at
CE MR enterography were interpret-
ed as a phlegmon and an enteroen-
teric fistula, respectively, at DWI MR
enterography.

The results of this study suggest that
MR enterography performed with DWI
without intravenous contrast material
can be a viable option for the evalua-
tion of inflammation of generally well-
distended small bowel in CD. Although
the results from all 171 bowel segments
may lead to some overestimation of the
similarity between DWI and CE MR
enterography, the coherent results in
the terminal ileum and in the inflamed
segments indicate the robustness of the
study results. Our results agree with
those of recent studies in which a high
correlation was demonstrated between
absolute ADC values (correlation coef-
ficient of —0.77 and —0.8, respectively)
(5,9) or a composite index (“Clermont
score”) derived from ADC values (cor-
relation coefficient of 0.91 and 0.99,
respectively) (5,6) and a CE MR en-
terography index of bowel inflammation
severity (Magnetic Resonance Index of
Activity, or MaRIA, score) (31,32) in
the small bowel of patients with CD.
Our study results should be extrap-
olated to clinical practice with some
caution. This study was focused on
proving the similarity between DWI
and CE MR enterography for assess-
ment of bowel inflammatory activity in
CD rather than diagnosis of bowel in-
flammation in a broader sense, which
first requires identification of bowel
areas that are suspicious for inflamma-
tion before assessment of inflammatory
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Figure 5 activity. Most of the discordant inter-
pretations between DWI and CE MR
enterography in this study were neg-

Diffusion-weighted image Apparent diffusion coefficient Contrast-enhanced
b=900 s/mm?2 (ADC) map T1-weighted image

F ; - ative bowel inflammation findings at
: £ ! ' ‘ L DWI MR enterography and positive
I e . bowel inflammation findings at CE MR

enterography. This is likely because we
investigated bowel segments that were
generally well prepared and/or dis-
tended. Positive DWI MR enterography
findings and negative CE MR enterogra-
phy findings may occur more frequently
in less well prepared, less distended
bowel segments, which are typically
reported to have false-positive findings
at DWI (4,14,15). Furthermore, al-
though small, some observer variability
Figure 5: DWI and CE MR enterography images demonstrate a concordant interpretation of small-bowel existed in the interpretation of DWI
inflammation in a 27-year-old man with CD. A pelvic ileal segment (arrows) shows remarkable diffusion MR enterography findings. Therefore,
restriction and concordantly shows mural thickening and hyperenhancement on the CE T1-weighted image. the discrepancy between DWI and CE

-

MR enterography may be a bit greater
Figure 6 in real-world practice. Our study may
N ] ] provide a solid reason to use DWI as
Diffusion-weighted image Contrast-enhanced . s . 1 s
5=900 s/mm2 T1-weighted image an alternative to 1ma.1g1ng with intrave-
e e SRS nous contrast material when perform-
: ] ing MR enterography for patients with
CD in whom intravenous contrast ma-
terial cannot be applied or is difficult
to apply. However, omitting the use of
intravenous contrast material in a stan-
dardized fashion is not suggested.
According to the bowel segments
associated with penetrating complica-
tions in this study, there seems to be a
greater discrepancy between DWI and
CE MR enterography in the evaluation
of penetrating complications. This re-
sult may underscore the fact that eval-
uation of penetrating complications is
heavily dependent on examination of
anatomic details, for which DWI falls
short. CE MR enterography is accepted

Figure 6:  DWI and CE MR enterography images as a reliable diagnostic tool for the di-
demonstrate a discordant interpretation of small-

bowel inflammation in a 26-year-old man with CD.
(a) The lateral wall of the terminal ileum (arrows)
shows increased enhancement and slight thickening
on the CE T1-weighted image but does not show
diffusion restriction. (b) Colonoscopic image of the
terminal ileum shows scattered aphthoid lesions
(arrow).

agnosis of penetrating complications in
CD (33). In contrast, there is a pau-
city of data in the literature regarding
DWI for the evaluation of penetrating
complications of CD, and the results
of our study, as well as those in pre-
vious studies, may not yet indicate a
clear effectiveness of DWI for this task
(6,10,11,34,35). Considering that our
sample size was small for the investiga-
tion of penetrating complications and
yet the discordance was considerable,
b. this is an important limitation of this
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Figure 7:  Scatterplot shows the correlation between DWI and CE MR enterography (MRE)
scores of bowel inflammation severity. The dot size represents the number of bowel segments
(one to five). Eighty segments that had a score of 0 at both DWI and CE MR enterography (x)
are not directly shown because of scaling.

Table 5

Intra- and Interobserver Reproducibility in the Evaluation of Small-Bowel
Inflammation with DWI MR Enterography

Interobserver
Reproducibility

Intraobserver
Reproducibility

Parameter Reader 1 Reader 2 Session 1 Session 2

All segments (n = 60)
Dichotomous assessment, proportional agreement (%) 88 (53/60) 100 (60/60) 88 (53/60) 93 (56/60)
Semiquantitative assessment (scoring), intraclass 0.881* 0.908* 0.855" 0.858"
correlation coefficient
Terminal ilea from patients in the registry group (n = 30)
Dichotomous assessment, proportional agreement (%) 87 (26/30) 100 (30/30) 87 (26/30) 93 (28/30)
Semiquantitative assessment (scoring), intraclass 0.745* 0.836* 0.721t 0.7491
correlation coefficient

Note.—Numbers in parentheses are the number of segments used to calculate the percentages.
* Calculated by using a one-way random-effects model.
t Calculated by using a two-way random-effects model.

study, as well as, potentially, DWI MR
enterography. The role of DWI in the
diagnosis of penetrating complications
of CD should be further defined in
large cohorts.

This study had limitations. First, the
identification of the bowel segments to
be analyzed may have introduced some
selection bias. However, as explained
earlier, since we tried to minimize
and resolve the bias throughout the
preplanned study design and analysis,
we believe that the intended purpose
was fairly adequately addressed in the
study. Second, the endoscopic refer-
ence standard was available only in the
terminal ileum. Nonetheless, this is an
unavoidable limitation of any small-
bowel imaging studies, since location-
matched endoscopic correlation is es-
sentially impossible for other parts of
the small bowel. Last, in our study,
we did not compare DWI and CE MR
enterography with regard to the eval-
uation of strictures, since no relevant
patients existed in the study cohort.

In conclusion, DWI MR enterogra-
phy was noninferior to CE MR enterog-
raphy for the evaluation of inflammation
of generally well-distended small bowel
in CD, but considerable discordance
was shown in the diagnosis of penetrat-
ing complications.
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