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Objective: To prospectively evaluate the performance of diffusion-weighted imaging (DWI) to monitor bowel inflammation
after medical therapy for Crohn’s disease (CD).

Materials and Methods: Before and following 1-2 years of medical therapy, between October 2012 and May 2015, 18 randomly
selected adult CD patients (male:female, 13:5; mean age + SD, 25.8 + 7.9 years at the time of enrollment) prospectively
underwent MR enterography (MRE) including DWI (b = 900 s/mm?) and ileocolonoscopy. Thirty-seven prospectively defined
index lesions (one contiguous endoscopy-confirmed inflamed area chosen from each inflamed anatomical bowel segment; 1-4
index lesions per patient; median, 2 lesions) were assessed on pre- and post-treatment MRE and endoscopy. Visual assessment
of treatment responses on DWI in 4 categories including complete remission and reduced, unchanged or increased inflammation,
and measurements of changes in apparent diffusion coefficient (AADC), i.e., pre-treatment-post-treatment, were performed by
2 independent readers. Endoscopic findings and CD MRI activity index (CDMI) obtained using conventional MRE served as
reference standards.

Results: AADC significantly differed between improved (i.e., complete remission and reduced inflammation) and unimproved
(i.e., unchanged or increased inflammation) lesions: mean + SD (x 10 mm?/s) of -0.65 + 0.58 vs. 0.06 + 0.15 for reader 1 (p =
0.022) and -0.68 + 0.56 vs. 0.10 + 0.26 for reader 2 (p = 0.025). DWI accuracy for diagnosing complete remission or improved
inflammation ranged from 76% (28/37) to 84% (31/37). A significant negative correlation was noted between AADC and
ACDMI for both readers with correlation coefficients of -0.438 and -0.461, respectively (p < 0.05).

Conclusion: DWI is potentially a feasible tool to monitor quantitatively and qualitatively bowel inflammation of CD after
medical treatment.
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DWI to Follow Bowel Inflammation in Crohn’s Disease

INTRODUCTION

The use of diffusion-weighted imaging (DWI) has recently
been expanded to enterographic evaluations of the bowel
inflammation in patients with Crohn’s disease (CD) (1,

2). Disease-modifying therapy for CD using biologics or
immunosuppressive agents aims to achieve mucosal healing
beyond symptomatic control (3-6). This has created an
increased need for imaging examinations to monitor
treatment responses in a more objective quantitative
manner. In addition to providing images, DWI intrinsically
provides a quantitative parameter i.e., the apparent
diffusion coefficient (ADC). Therefore, the role of DWI as a
potential quantitative tool to monitor treatment responses
in CD is drawing attention (2). Previous studies have
consistently shown heterogeneous correlations between
the degrees of mural diffusion restriction on DWI and the
severity of bowel inflammation in CD (7-14). However,

the level of evidence provided by the cross-sectional
correlation studies that analyse a single time-point in
subjects with different severities of bowel inflammation

is indirect and weak. A more robust evaluation of DWI

for post-therapeutic monitoring of bowel inflammation
requires a direct longitudinal follow-up study that includes
comparative analyses between pre- and post-treatment
imaging results obtained from the same patient (2). To
the best of our knowledge, longitudinal studies regarding
the use of DWI for post-therapeutic follow-up of CD have
been very rare and no prospective studies have been
reported. One recent retrospective study (15) showed that
ADC values measured in the bowel wall of CD patients
significantly increased in clinical responders after anti-
tumor necrosis factor-alpha (anti-TNF-a) therapy, but

did not change significantly in clinical non-responders.
Despite its importance as the first such longitudinal study,
the study (15) had limitations such as physician’s global
assessment as a reference standard, which may not be as
precise as endoscopic correlation (16, 17), in addition to
the retrospective design. While the pathological basis of
mural diffusion restriction in CD remains poorly understood
(2), a few studies (9, 18, 19) have also revealed an
association between bowel fibrosis in CD and reduced
mural ADC. However, active bowel inflammation and bowel
fibrosis often co-exist in patients with CD (20, 21). For
these reasons, establishing more definitive cause-and-
effect evidence regarding the relationship between bowel
inflammation of CD and mural diffusion restriction on DWI

kjronline.org Korean J Radiol 18(1), Jan/Feb 2017

Korean Journal of Radiology

through a prospective longitudinal study is important. This
prospective longitudinal study was conducted to evaluate
the performance of DWI to monitor bowel inflammation in
CD after medical therapy.

MATERIALS AND METHODS

Ethical Considerations

This study was approved by the Institutional Review
Board of Asan Medical Center. Informed consent was
obtained from participants.

Patients

Study patients were recruited prospectively by randomly
selecting 50% of individuals from a cohort of 44 CD patients
included in a previous study (22) that investigated a non-
overlapping topic. Despite the patient overlap, there was
no overlap in data and analysis. The 44-patient cohort was
identified at the Inflammatory Bowel Disease Center of
Asan Medical Center, a tertiary referral institution, between
October 2012 and December 2013 (according to the time
of study enrollment) and met the following criteria: 1)
adults (> 18 years old) who were newly diagnosed with CD,
2) no history of bowel resection surgery, 3) no emergency
care required, and 4) no gross technical inadequacy in
their first study MR enterography (MRE). The previous
study (22) recruited a total of 50 patients, of whom 6
were later excluded as they did not fulfill study criteria.
A binary sequence (i.e., inclusion vs. exclusion) designed
to randomly select a half from a group of patients was
prospectively applied as the recruitment of 50 patients
continuously progressed. A total of 22 patients were
randomly chosen finally (i.e., 1/2 of 44 patients as 6 patients
were excluded after initial study assessment) and were
scheduled to undergo follow-up MRE and ileocolonoscopy
after therapy (see “Study Procedures” section). Given the
exploratory nature of this study, we determined the sample
size not through a formal calculation but included as many
patients as possible within the study fund capacity (two
MRE examinations per patient were funded). As the research
fund was only able to accommodate an approximate half of
the original consecutive cohort, we used random selection
to minimize selection bias. Three patients then underwent
surgical resection of the inflamed bowel after the random
selection and another patient declined post-treatment
ileocolonoscopy. As a result, 18 patients (13 men and 5
women; mean age + SD, 25.8 + 7.9 years at enrollment)
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were finally included in this study (Fig. 1). Detailed patient
characteristics were summarized in Table 1. The diagnosis of
CD was made according to established clinical, radiological,
endoscopic, and histopathological criteria (23, 24).

22 patients randomly chosen from those who met inclusion
criteria underwent pre-treatment examinations (MRE, endoscopy,
laboratory tests, and clinical assessment)

3 patients were excluded as they underwent
surgery of inflamed bowel before
scheduled post-treatment follow-up

1 patient dropped out (refused to undergo
post-treatment endoscopy)
\

18 patients with total of 40 index lesions underwent post-
treatment examinations (MRE, endoscopy, laboratory tests, and
clinical assessment)

1 lesion could not be evaluated with
endoscopy

2 lesions could not be analyzed due to
DWI artifacts

\J
18 patients with total of 37 index lesions were analyzed

Fig. 1. Flow diagram of study subjects. DWI = diffusion-weighted
imaging, MRE = MR enterography

Table 1. Characteristics of Study Subjects Analyzed

Huh et al.

Study Procedures

Each of the 18 patients underwent clinical assessments,
including measurements of CDAI, laboratory tests, MRE,
and ileocolonoscopy, within a week both at the initial
evaluation and following 1 year (14 patients) or 2 years (4
patients) of medical therapy (immunosuppressive agent in
11 patients, concomitant anti-TNF-a and immunosuppressive
agent in 5 patients, and 5-aminosalicylate in 2 patients).
The follow-up interval was chosen based on several factors.
First, annual (or biennial) imaging follow-up is typically
used in clinical practice, although more frequent imaging
examinations may be acceptable in research studies.
Conformity to actual clinical practice translates clinical
relevance. Second, endoscopic complete remission is the
present therapeutic goal in disease modifying therapies
for CD (3-6), so it is important to design a study to allow
for a meaningful analysis of the diagnosis of endoscopic
complete remission. Complete endoscopic remission in CD
generally takes a long time to achieve; for example, the
reported rates of complete remission for anti-TNF-a therapy
were 19-30% after either 6 months or 1 year of treatment
(25-27).

Pre-Treatment Examinations
MRE was performed after oral administration of 1500 mL
2.5% sorbitol solution with a 3T scanner (Ingenia; Philips

Before Treatment After Treatment
Patients included (n = 18)
Age, years (mean + SD) 25.8+7.9 27.1+£7.8
Gender (M:F), patient number 13:5 13:5
Body mass index, kg/m? (mean + SD) 20.4 + 3.2 22.5 +3.4
CDAI (mean + SD) 194.3 + 143.3 71.7 £ 66.4
ESR, mm/hr (mean + SD) 50.7 + 29.8 23.6 + 25

CRP, mg/dL (median [range])
Index lesions analyzed (n = 37)*
Number of lesions
T, Rt, T,D, S, R
Endoscopic response to therapy
Complete remission
Reduced inflammation
Unchanged inflammation
Increased inflammation
CDMI score (mean + SD)!

2.3 (0.33-12.73)

0.21 (0.1-7.29)

37
12,12, 3,6,3,1

14
19
3
1

5.7+ 1.9 23+25

*Data indicate number of lesions unless specified otherwise, 'Crohn’s disease MRI activity index was calculated according to method
that was previously validated (29, 30). CDAI = Crohn’s disease activity index, CDMI = Crohn’s disease MRI activity index, CRP = C-reactive
protein, D = descending colon, ESR = erythrocyte sedimentation rate, R = rectum, Rt = right colon (including cecum and ascending

colon), S = sigmoid colon, T = transverse colon, TI = terminal ileum
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DWI to Follow Bowel Inflammation in Crohn’s Disease

Healthcare, Best, The Netherlands). The detailed sequences
and scan parameters were provided in Supplementary

Table 1 (in the online-only Data Supplement). Briefly,

these included coronal T2-weighted half-Fourier sequences
without and with fat suppression, coronal and axial T2-like
steady-state gradient-echo sequences with fat suppression,
coronal free-breathing DWI (b-factors = 0 and 900 s/mm?)
and an ADC map, coronal T1-weighted spoiled gradient-echo
sequences with fat suppression including unenhanced scan
and enteric- and portal-phase scans after the intravenous
administration of 0.2 mL/kg body weight of gadoterate
meglumine (Dotarem; Guerbet, Villepinte, France) at a rate
of 2 mL/s followed by a saline flush, and an axial delayed
contrast-enhanced T1-weighted spoiled gradient-echo
sequence with fat-suppression. To achieve aperistalsis
throughout the examination, 10 mg scopolamine-N-butyl
bromide (Buscopan; Boehringer Ingelheim, Ingelheim,
Germany) was administered thrice intravenously at the start
of the examination, before DWI, and before obtaining the
T1-weighted sequences.

Ileocolonoscopy was performed by one of the three
board-certified gastroenterologists (each with experience
in performing more than 1000 colonoscopy examinations
in patients with CD) using a video colonoscope (CF H260AL
or CF H260AI; Olympus Optical Co., Tokyo, Japan). The
gastroenterologists were aware of the diagnosis of CD
but blinded to the MRE results, clinical assessments, and
laboratory tests. Multiple images were captured in each
anatomical bowel segment (i.e., the terminal ileum, right
colon [cecum and ascending colon], transverse colon,
descending colon, sigmoid colon, and rectum) and the
entire examination was video recorded. Inflammatory bowel
lesions were assessed in detail, and their location, extent,
and nature (overt ulcer, aphthoid lesions, erythema, and
edema) were recorded.

Selection of Index Lesions

We selected index lesions according to predetermined
criteria instead of following entire anatomical bowel
segments, because the latter method could substantially
confound the results although it has an advantage of
enabling the use of more standardized endoscopic scoring
systems such as CD endoscopic index of severity (28)
as a reference standard. First, while the standardized
endoscopic scoring systems generate scores per each entire
anatomical bowel segment, quantitative ADC measurements
to encompass each entire anatomical bowel segment
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using a region-of-interest (ROI) approach are essentially
impossible because of the convoluted tubular shape of

the bowel. Second, CD frequently affects multiple bowel
areas with different inflammatory severities even in a
single anatomical segment, and each area may respond
heterogeneously to therapy. Therefore, evaluating a bowel
segment as a whole entity without precise location-
by-location matching between DWI and the reference
standards can be inaccurate and misleading. One index
lesion was chosen for each inflamed anatomical bowel
segment according to predefined selection criteria i.e., a
contiguous endoscopy-confirmed inflamed bowel area that
was clearly observed on both DWI and non-DWI MRE images
without remarkable image artifacts and showed the most
severe inflammation as assessed with endoscopy. The index
lesions were chosen in consensus by a radiologist and a
gastroenterologist who were experienced in analyzing CD
patients by MRE and ileocolonoscopy, respectively, and
who did not participate in any other interpretation of this
study. The purpose of this study was to determine whether
DWI could be used to longitudinally monitor imaging-
detected inflammatory bowel lesions in CD; hence, we only
considered those lesions that were clearly visible on pre-
treatment DWI instead of broadly addressing DWI for general
assessment of bowel inflammation in CD. We assessed the
rate of follow-up failures using DWI in such a setting. A
total of 40 index lesions including 14 terminal ileal and 26
colonic lesions measuring 2.1 to 8.5 cm (median, 3.8 cm)
in length were initially identified. Of those, 3 lesions could
not be followed (also see “Results” section) (Fig. 1).

Post-Treatment Examinations

Post-treatment examinations were identical to the pre-
treatment examinations except that the gastroenterologists
were informed of the index lesions and categorized the
treatment response of index lesions as complete remission
as well as reduced, unchanged or increased inflammation.
The endoscopists were able to access the pre-treatment
endoscopic video/images prior to post-treatment endoscopy
to allow evaluation of the index lesions for interval change.
Complete remission was defined as complete healing of
pre-existing ulcers. Reduced inflammation was defined
as decreased severity or extent of pre-existing lesions.
Increased inflammation was defined as increased severity
or extent of pre-existing lesions or the occurrence of new
lesions.
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DWI Analysis

Two board-certified abdominal radiologists (each with
1-year experience in MRE of CD patients) independently
assessed the treatment responses of the index lesions
by comparing the pre- and post-treatment DWI and ADC
images. The readers did not participate in selecting the
index lesions and were blinded to the reference standard
information and therapeutic agents used. For anatomical
reference, the readers could refer to coronal T2-weighted
half-Fourier without fat suppression images, considering
that the DWI and ADC images lack anatomical details,
but were blinded to all other non-DWI MRE images. Each
reader visually assessed the treatment response based on
four categories: complete remission (complete resolution
of abnormal mural diffusion restriction) and reduced
(decreased intensity or extent of restricted mural diffusion),
unchanged, or increased inflammation. Abnormal restricted
diffusion was defined as a hyper-signal on DWI (b = 900
s/mm?) and hypo-signal on an ADC map comparable to
lymph nodes, as adopted in published studies (7, 22).
Subsequently, each reader measured the ADC of each
index lesion using a dedicated image-processing software
program based on the plug-in package for ImageJ (National
Institutes of Health, Bethesda, MD, USA; http://rsbweb.
nih.gov/ij/). A free-form ROI (mean + SD, 46 + 24 mm?)
was carefully drawn to include each index lesion or the
corresponding treated area after therapy, while avoiding
contamination by adjacent structures on an image that
showed the greatest extent of the lesion. Finally, the
AADC value (pre-treatment ADC - post-treatment ADC) was
obtained.

Reference Standards

Endoscopic findings were used as the reference standard
for the four categorical treatment responses. The reference
standard for quantitative evaluations of treatment responses
using AADC was the difference (A) in the pre- and post-
treatment CD MRI activity index (CDMI; scored from 0 to
12, higher values indicate more severe inflammation),
based on validated conventional contrast-enhanced MRE (29,
30). Further details of CDMI scoring system are explained
elsewhere (29, 30). The ACDMI for each index lesion was
determined by an experienced radiologist who did not
participate in any other study reviews and was blinded to
the DWI, endoscopy, and other clinical findings.
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Statistical Analysis

The proportion of index lesions that could not be
assessed on the follow-up DWI was determined. The main
study analyses were for those index lesions that could
be evaluated successfully on the follow-up imaging. The
AADC was compared between those lesions that improved
(i.e., complete remission and reduced inflammation) and
those that were unimproved (i.e., unchanged or increased
inflammation) using the linear mixed model to account
for a clustered data structure (i.e., several index lesions
per patient). Diagnostic performance of the DWI for visual
categorical treatment-response assessments was analyzed
based on the diagnosis of improved inflammation (i.e.,
complete remission and reduced inflammation), complete
remission, and the specific individual response categories
using sensitivity, specificity, and accuracy parameters as
appropriate. The performance of DWI for quantitatively
assessing treatment responses was evaluated using a
correlation analysis between AADC and ACDMI with
the linear mixed model to adjust for the clustered data
structure. Inter-reader agreement was evaluated for the
categorical treatment-response assessments using a
weighted kappa with adjustments for clustered data (31)
and the overall proportional agreement; and was determined
for the quantitative AADC measurements using an intra-
class correlation coefficient (ICC) calculated with the linear
mixed model (two-way random effects model including
random intercepts for the patient and reader) to account
for clustered data as well as the Bland-Altman analysis.
SAS version 9.2 (SAS Institute, Cary, NC, USA) was used for
analyses. p < 0.05 was considered statistically significant.

RESULTS

Subjects

Among the 40 index lesions initially identified, 2 lesions
(1 each in the terminal ileum and sigmoid colon; 5% of
40 index lesions) could not be properly evaluated by post-
treatment DWI due to luminal air-related artifacts on DWI.
Another terminal ileal lesion could not be evaluated by
follow-up colonoscopy because of ileocecal valve stricture
that developed after treatment. Consequently, 37 lesions
(1-4 lesions per patient; median, 2 lesions) were finally
analyzed (Fig. 1). Further details of the lesions were
provided in Table 1.

Korean J Radiol 18(1), Jan/Feb 2017 kjronline.org
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ADC Changes Throughout Treatment

The ADC values of the 37 lesions (mean + SD in x 107
mm?/s) were 1.48 + 0.30 and 1.45 + 0.32 according to
the two readers before therapy and 2.06 + 0.66 and 2.05
+ 0.64, respectively, at the post-treatment assessment.
The AADC value was negative (i.e., ADC increased after
treatment) in 31 of 33 (94%) improved lesions (i.e.,
complete remission and reduced inflammation) according
to both readers (-1.94 x 107 to -0.04 x 10° mm’/s) but
was positive in the remaining 2 (6%) improved lesions
according to both readers (0.06 x 107 to 0.19 x 10
mm?/s) (Fig. 2). The AADC value was positive (i.e., ADC
decreased after treatment) in either 2 or 3 of 4 unimproved
lesions according to each reader (Fig. 2). The AADC value
significantly differed between improved and unimproved
lesions (Table 2, Fig. 2).

p =0.025
0.50 p =0.022 —
0.00 @
Q
£ -0.50 -
£
S
—
=
Q -1.00 1
<
g
-1.50
-2.00
T T
Reader 1 Reader 2

Fig. 2. Box plots comparing AADC between improved (white;
left-side plot for each reader) and unimproved (gray; right-
side plot for each reader) lesions according to reference
standard after medical therapy. ADC = apparent diffusion
coefficient
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Visual Categorical Treatment-Response Assessment

Overall, the performance of DWI for diagnosing improved
inflammation (i.e., complete remission and reduced
inflammation) and complete remission was moderate
(accuracy of 76% [28/37] to 84% [31/37]) (Table 3)
despite the small number of unimproved lesions (4 lesions).
The accuracy of DWI for diagnosing the four specific
treatment-response categories was relatively low (Table 3).
Example cases were shown in Figures 3-5.

Quantitative Treatment-Response Assessment

For both readers, there was a significant negative
correlation between the AADC and ACDMI with respective
correlation coefficients adjusted for data clustering of
-0.438 and -0.461 for the two readers (p < 0.05) (Fig. 6).
This result indicated linear changes in bowel inflammatory
severities after treatment based on changes in mural ADC.

Inter-Reader Agreement

The kappa value for inter-reader agreement in categorical
treatment-response assessments was 0.519 (95% confidence
interval [CI], 0.335-0.703). The two readers completely
agreed in 22 segments (59.5%) and differed by 1 category
in 15 segments (40.5%) (Table 4), with no disagreement
by > 2 categories. The ICC for inter-reader agreement in
quantitative measurements of AADC was 0.918 (95% (I,
0.730-0.979). The mean difference in AADC between the
two readers (reader 1 - reader 2) was 0.03 x 10”° mm?/s and
the Bland-Altman coefficient of repeatability was 0.47 x
10° mm?/s (Fig. 7).

DISCUSSION

Results from this prospective longitudinal study indicated
that DWI may be a feasible tool for monitoring bowel
inflammation after medical therapy in patients with CD,
since ADC changed in a linear manner according to changes
in bowel inflammation after treatment. A small fraction
of the index lesions (5%) could not be evaluated on the
follow-up DWI due to artifacts, even though we initially

Table 2. Comparisons of AADC (Pre-Treatment - Post-Treatment) between Improved and Unimproved Lesions According to

Reference Standard, i.e., Endoscopy, after Therapy

Improved (n = 33)* Unimproved (n = 4)* P
Reader 1 -0.65 + 0.58 0.06 £ 0.15 0.022
Reader 2 -0.68 + 0.56 0.10 + 0.26 0.025

Data are mean + SD in x 10° mm?/s. *Improved lesions include complete remission or reduced inflammation. Unimproved lesions include
unchanged or increased inflammation. ADC = apparent diffusion coefficient

kjronline.org Korean J Radiol 18(1), Jan/Feb 2017
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included those lesions unaffected by artifacts on the first
MRE, suggestive of risk of follow-up failures using DWI.
In general, DWI has less technical stability as compared

Table 3. DWI Performance for Categorical Treatment-Response
Assessment

Sensitivity Specificity Accuracy

Diagnosis of improved inflammation*
Reader 1 88% (29/33)  25% (1/4)
Reader 2 85% (28/33)  75% (3/4)
Diagnosis of complete remission
Reader 1 79% (11/14)  74% (17/23)
Reader 2 86% (12/14)  78% (18/23)
Diagnosis of specific response category
Reader 1 NA NA 54% (20/37)
Reader 2 NA NA 65% (24/37)

81% (30/37)
84% (31/37)

76% (28/37)
81% (30/37)

Numbers in parentheses indicate number of index lesions.
*Includes complete remission and reduced inflammation. DWI =
diffusion-weighted imaging, NA = not applicable

Pre-treatment Post-treatment

25

Post-treatment

Fig. 3. 20-year-old man (at diagnosis) with CD who showed
complete remission of terminal ileal lesion on endoscopy after
2 years of therapy.

A. Pre- and post-treatment DWI images (b = 900 s/mm?) indicate that
restricted diffusion, which appears as hyperintensity in terminal ileum
before treatment (left arrow), had completely disappeared at time

of complete remission after treatment (right arrow). B. Colonoscopic
images of terminal ileum shows complete resolution of multiple ulcers
and mucosal swelling after treatment. CD = Crohn’s disease, DWI =
diffusion-weighted imaging
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with other general MRE sequences. As this study was not
designed to primarily evaluate technical stability of DWI
MRE, this issue needs to be addressed in future studies. Our
results also directly confirmed that bowel inflammation in
CD is a cause of mural diffusion restriction on DWI, while
not designed to specifically determine the association
between bowel fibrosis and diffusion restriction in CD.

For ADC to be a reliable biomarker of treatment response
in CD patients, the following criteria should be satisfied:
1) ADC should correlate with the severity of bowel
inflammation; 2) ADC changes between before and after
treatment should correlate with changes in the severity of
bowel inflammation during a course of therapy; and 3) ADC
measurements in the bowel wall should be reproducible.

The first criterion was confirmed by previous cross-
sectional single-time observational studies (7-14). The
second criterion can only be evaluated by longitudinal

Pre-treatment Post-treatment

Pre-treatment

Fig. 4. 21-year-old man (at diagnosis) with CD shows reduced
inflammation in descending colon on endoscopy after 1 year
of therapy.

A. Pre- and post-treatment DWI images (b = 900 s/mm?) show

that restricted diffusion, which appears as hyperintensity in distal
descending colon, before treatment (left arrow) was remarkably
reduced after treatment (right arrow). B. Colonoscopic images of
corresponding area show large deep longitudinal ulcers before
treatment (left), and reduced inflammation after treatment, presented
as scattered small superficial ulcers and aphthoid lesions (right). CD =
Crohn’s disease, DWI = diffusion-weighted imaging

Korean J Radiol 18(1), Jan/Feb 2017 kjronline.org
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Post-treatment

Pre-treatment

Post-treatment

x’*
B

Fig. 5. 25-year-old man (at diagnosis) with CD who showed
unchanged inflammation in descending colon on endoscopy
after 2 years of therapy.

A. Pre- and post-treatment DWI images (b = 900 s/mm?) reveal similar
restricted diffusion that appears as hyperintensity in descending
colon (arrows). B. Colonoscopic images of corresponding area reveal
persistent extensive inflammation with multiple large ulcers before
treatment and on follow-up without remarkable improvement. CD =
Crohn’s disease, DWI = diffusion-weighted imaging

Korean Journal of Radiology

studies and, hence, is supported to a certain extent by

the moderate correlation strength provided by AADC

(i.e., -0.438 and -0.461) in our study. The reproducibility
(or variability) of ADC measurements in the bowel of

CD patients remains to be determined (2, 32) in future
studies. Collective results from the present and previous
studies (10, 14) indicate that fairly high inter-observer
agreement can be achieved to measure changes in ADC
values from the bowel wall in CD patients (i.e., ICC of
0.918 without remarkable systematic bias between the

two readers) for a given dataset. However, reproducibility
of ADC measurements extends beyond observer agreement
for a given set of images (32). The absolute ADC values
may change without any real changes in a tissue as

a consequence of different scanning techniques and
parameters, inter-scanner variability, and within scanner
variability. Variability in ADC values has been reported in
various other abdominal applications (33-38). For example,
ADC values measured in malignant hepatic tumors changed
as much as 30% of the original value because of scan-
rescan variability (35). Therefore, similar variability may
exist for measurements of ADC in the bowel and a correct
interpretation of AADC should account for such variability.
Positive AADC values (i.e., ADC decrease after treatment) in
a small number of lesions despite improved inflammation (2
of 33 lesions) and negative AADC values (i.e., ADC increase
after treatment) and no improvement in inflammation in

a few other lesions likely reflect variability in the ADC

Reader 1
g
[e] o [e]
6 - o
o [e] [eXee) @ o
4 4 oo o o o o oo
=
5 o o o
3
2 4 oo oo o
(o] [ole)
(! o o o
o O
2 Correlation coefficient = -0.438
-2.00 -1.50 -1.00 -0.50 0.00 0.50
AADC (x 10° mm?/s)

Reader 2
8 -
X X x
6 - X
x x X X X X x X
4 XX X X X X X
s
8 X X X
<
2 x X X X x
X X X
0 b XX X
X X
2] Correlation coefficient = -0.461
-2.00 -1.50 -1.00 -0.50 0.00 0.50
AADC (x 10° mm?/s)

Fig. 6. Scatter plots show negative correlation between AADC and ACDMI (reference standard). ADC = apparent diffusion coefficient,

CDMI = Crohn’s disease MRI activity index

kjronline.org Korean J Radiol 18(1), Jan/Feb 2017

169



Korean Journal of Radiology

measurements.

In daily clinical practice, radiologists generally prefer
visual assessments of DWI and ADC images over quantitative
measurements of ADC values because the former is more
practical and consistent, though less refined. Our current
study demonstrated that visual assessments are feasible for
clinical assessment of treatment responses in CD patients
with moderate accuracy in diagnosis of improvement or
complete remission of bowel inflammation and fairly high
inter-reader agreement (the moderate face kappa value was
partly due to the prevalence effect (39) caused by skewed
distribution of subjects towards complete remission and
reduced inflammation).

This study had limitations. First, the modest number of
patients. However, we evaluated several index lesions from
each patient while accounting for statistical correlations
between lesions clustered in each patient. Thus, the results

Huh et al.

of data analysis fairly clearly confirmed that DWI could
monitor post-therapeutic quantitative and qualitative
changes in bowel inflammation. An unresolved weakness

of our study was the inclusion of only 4 lesions that did

not improve across treatment. A larger number of such
cases would enable more robust conclusions. Given that
medical treatments aimed at complete mucosal healing are
increasingly accepted as the standard treatment for CD (3-6),
stable or aggravated bowel inflammation after therapy is
now becoming rarer, in contrast with past CD management
that primarily focused on symptomatic control. Additionally,
although this study included patients who received an array
of different treatments as seen in typical clinical practice,
the small sample prevented evaluation of any potential
differences between different therapeutic agents. Second,
due to small sample size, the reader reproducibility might
have been somewhat overestimated. It would be worthwhile

Table 4. Inter-Reader Agreement for Categorical Treatment-Response Assessment using DWI

DWI Interpretation by Reader 1

DWI Interpretation by Reader 2 Complete Reduced Unchanged Increased Total
Remission Inflammation Inflammation Inflammation
Complete remission 14 3 0 0 17
Reduced inflammation 3 7 2 0 12
Unchanged inflammation 5 1 1
Increased inflammation 0 1 0
Total 17 15 4 1 37
Data indicate number of index lesions. DWI = diffusion-weighted imaging
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Fig. 7. Bland-Altman plot shows inter-reader agreement in AADC (x 10 mm?/s). ADC = apparent diffusion coefficient
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to assess whether the same consistency between readers
could be achieved in actual clinical practice.

In conclusion, mural diffusion restriction improves along
with increases in ADC, as endoscopic bowel inflammation
in patients with CD decreases after medical therapy.

DWI may represent a feasible tool for monitoring bowel
inflammation in patients with CD, both quantitatively
using ADC and qualitatively using visual evaluations after
medical treatment. However, further assessments of its
reproducibility are required prior to widespread clinical use.
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