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Abstract

Objectives To validate the modified simplified magnetic resonance index of activity (sSMARIA) score using DWI on non-

contrast magnetic resonance enterography (MRE) to evaluate active inflammation in patients with Crohn’s disease (CD),

compared to the original SMARIA scoring system, with and without contrast enhancement.

Methods This retrospective study included 275 bowel segments from 55 CD patients who underwent ileocolonoscopy

and MRE within a 2-week period. Two blinded radiologists evaluated original sSMARIA on both conventional MRE (CE-

SMARIA) and non-contrast MRE (T2-sMARIA). Modified SMARIA was then evaluated using non-contrast MRE, replacing

ulcerations with DWI grades. Three scoring systems were compared for diagnostic accuracy of active inflammation, cor-

relation with simple endoscopic score (SES)-CD, and interobserver reproducibility.

Results The AUC of modified sSMARIA for detecting active inflammation (0.863, 95% confidence interval [0.803-0.923]) was

significantly higher than T2-sMARIA (0.827 [0.773-0.881], p=0.017), and comparable to CE-sMARIA (0.908 [0.857-0.959],

p=0.122). CE-sMARIA, T2-sMARIA, and modified SMARIA all showed moderate correlation with SES-CD (r=0.795, 0.722,

and 0.777, respectively). Interobserver reproducibility of diffusion restriction (x, 0.686 [0.602—0.770]) was significantly better

than ulcers on conventional MRE (k, 0.382 [0.212-0.552]; p=0.001) and T2-weighted image (x, 0.312 [0.034-0.590]; p=0.012).

Conclusions Modified SMARIA using DWI can improve the diagnostic performance of SMARIA on non-contrast MRE,

showing comparable performance to SMARIA using contrast-enhanced MRE.

Key Points

o DWI can improve the diagnostic performance of non-contrast magnetic resonance enterography (MRE) for assessing active
inflammation in patients with Crohn’s disease.

o Modified simplified magnetic resonance index of activity (SMARIA) using DWI grades in place of ulcers showed comparable
diagnostic performance to SsMARIA using conventional MRE with contrast-enhanced sequences.
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CE Contrast-enhanced SD Standard deviation
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Crohn’s disease (CD), a chronic gastrointestinal inflamma-
tory disorder with increasing incidence and prevalence, is

characterized by episodes of relapse and remission [1-3].
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Therefore, objective evaluation of disease severity and mon-
itoring treatment response are crucial for successful disease
management. Various clinical, endoscopic, and imaging
scoring systems have been developed for the evaluation of
disease activity in CD patients and have been implemented
in both clinical practice and research [4]. Of several image-
based scoring systems, the magnetic resonance index of
activity (MARIA) system was most frequently used and
validated [5]. However, measurement of quantitative param-
eters, such as relative contrast enhancement for MARIA,
is not only time-consuming but also requires contrast-
enhanced (CE) sequences. To overcome these weaknesses,
the simplified MARIA (sMARIA) was recently developed
to include a binary assessment of imaging features, and it
showed excellent correlation with both the CD endoscopic
index of severity and original MARIA scores [6]. Moreo-
ver, imaging components included in the SMARIA calcula-
tion could be evaluated using only non-contrast magnetic
resonance enterography (MRE), even though SMARIA was
originally developed from CE-MRE [6].

In many institutions, routine MRE protocols for patients
with CD include CE sequences. Although gadolinium-
based contrast agents are generally considered safe, there
is increased unease about gadolinium retention in the brain
and other organs, including bone, skin, and liver due to
repeated gadolinium-enhanced MRI [7, 8]. Despite the
uncertainty of its clinical importance and dose thresholds,
growing evidence of gadolinium retention has raised con-
cerns about the safety of gadolinium-based contrast media
in the long term. The US Food and Drug Administration
suggests that healthcare professionals acknowledge the
retention characteristics of gadolinium contrasts and mini-
mize repeated gadolinium-enhanced MRI, particularly in
patients who may need multiple lifetime doses, or in chil-
dren [9]. Additionally, CE-MRE is difficult to perform in
patients with contraindications to gadolinium-based con-
trast media, such as impaired renal function, hypersensitiv-
ity to contrast media, or pregnancy [10, 11]. These issues
need to be considered deeply in patients with CD because
they are relatively young and receive repetitive imaging
evaluations throughout the course of their disease. Previous
studies have found that sMARIA evaluated on non-contrast
T2-weighted imaging (T2WI) is effective for evaluating
disease activity and response to treatment in CD patients
[12, 13]. However, there are also concerns that T2WI alone
is not sufficient for evaluating the inflammatory activity of
CD, especially because the accurate detection and assess-
ment of ulcers on T2WI are challenging [14]. Therefore, to
improve the diagnostic performance of SMARIA evaluated
on non-contrast MRE, imaging features more reliable than
ulcers need to be recruited as components of SMARIA.

Similar to T2WI, DWI does not require contrast enhance-
ment, and restricted mural diffusion is also known to be

correlated with bowel inflammatory severity in CD [15,
16]. A previous study showed combined assessment using
T2WI and DWI was noninferior to CE-MRE for evaluating
inflammation in CD patients [17]. In addition, Kim et al.
[14] introduced modified MARIA scores by substituting
ulcers with DWI grades, and the modified MARIA scores
showed improved interobserver reproducibility while main-
taining overall diagnostic performance compared to origi-
nal MARIA scores on CE-MRE. Therefore, DWI can be
a potential imaging feature for improving the diagnostic
performance of SMARIA evaluation on non-contrast MRE.
The purpose of this study was to investigate the diag-
nostic performance of a modified sSMARIA using diffusion
restriction instead of ulcers on non-contrast MRE, compared
to SMARIA on T2WI alone and conventional CE-MRE to
evaluate inflammatory activity in patients with CD.

Materials and methods
Study population

The institutional review board at our institution approved this
retrospective study and the requirement for informed consent
was waived. A flow diagram of patient selection is shown in
Fig. 1. We retrospectively recruited 62 patients who under-
went MRE within 2 weeks of receiving an ileocolonoscopy
for known or suspected CD between October 2014 and May
2020. After the exclusion of 7 patients due to poor image qual-
ity (n=3) and prior history of bowel resection (n=4), a total
of 55 patients (41 men; mean age + standard deviation [SD],
30+7.9 years) were included in the final study population.
The following demographic and medical information were
obtained from electronic medical records: age, sex, body mass
index, CD activity index, and C-reactive protein level.

Image acquisition

To achieve adequate bowel distension, patients ingested
1250 mL of polyethylene glycol solution (Coolprep; Tae-
joon Pharmaceutical) 40 min before the examination. An
intravenous injection of 10 mg scopolamine-N-butylbromide
(Buscopan; Boehringer Ingelheim) was administered before
initiating the scan. The same dose was administered addi-
tionally before acquiring the coronal T1-weighted sequence,
to reduce bowel peristalsis.

MRE scans were performed using a 3.0-T (Ingenia CX or
Achieva, Philips Healthcare; Discovery MR 750, GE Medi-
cal Systems) MR scanner. Routine MR sequences were as
follows: coronal T2-weighted half-Fourier sequence, without
fat suppression; coronal balanced gradient-echo sequence
with fat suppression; coronal DWI (with b factors of 0
and 800 s/mm?); ADC map; coronal T1-weighted spoiled
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Fig. 1 A flow diagram of
patient selection. MRE mag-
netic resonance enterography

62 patients underwent MRE and ileocolonoscopy
within 2 weeks between October 2014 and May 2020.

7 patients were excluded due to following reasons.

1) Poor image quality of MRE (n = 3)
2) Prior history of bowel resection surgery (n = 4)

55 patients (M:F, 41:14; 30 + 7.9 years) with
275 bowel segments were finally included in the study.

gradient-echo sequences with fat suppression conducted
before and after the contrast agent injection, including
enteric and portal phases; and axial delayed CE T1-weighted
spoiled gradient-echo sequence with fat suppression. For
CE T1-weighted images (CE T1WI), a volume of 0.2 mL/
kg of gadolinium-based contrast agent (Prohance; Bracco
Diagnostics Inc.) was injected intravenously at a fixed
rate of 2 mL/s, followed by a saline bolus injection. Axial
T2-weighted half-Fourier sequence with fat suppression was
included in the routine sequences from 2017.

Image analysis

Two board-certified abdominal radiologists (with 3 and
9 years of experience in MRE imaging, respectively), who
were unaware of clinical information and ileocolonoscopic
results, independently reviewed the images in two review
sessions with a washout period of more than 4 weeks. In this
study, conventional MRE (T2WI and CE T1WI) and non-
contrast MRE sequences (T2WI and DWI) were analyzed
in separate sessions for each patient. In order to avoid bias
caused by the order of image review, the study population
was randomly divided into two groups. During the first read-
ing session, conventional MRE images of one group and
non-contrast MRE images of the other group were reviewed,
and vice versa in the second review session.

Radiologists assessed the absence or presence of the
qualitative parameters of SMARIA for each segment of the
terminal ileum, ascending colon, transverse colon, left colon
including descending and sigmoid colons, and rectum: mural
thickening (>3 mm), mural edema, fat stranding, and ulcers,
on both conventional and non-contrast MRE sequences
[6]. For DWI, reviewers evaluated mural diffusion restric-
tion of each bowel segment using the following definition
[17]: 0, no diffusion restriction; 1, increased DWI signal
intensity slightly lower than that of a lymph node; and 2,
increased DWI signal intensity similar to or higher than that
of a lymph node. To exclude T2 shine-through effects, ADC
images were also provided during DWI interpretation.

Using a previously validated formula [(1 X bowel wall thick-
ness >3 mm)+ (1 X edema) + (1 X fat stranding) + (2 X ulcers)]

@ Springer

[6], the SMARIA for each bowel segment was calculated from
conventional MRE sequences (referred to as CE-sMARIA)
and T2WI only (referred to as T2-sMARIA). Since a past
study showed the potential of the modified MARIA scoring
system using DWI grades as a substitute for ulcers with high
interobserver reproducibility [14], we similarly modified the
sMARIA scoring system by replacing ulcers with DWI grades
as: [(1 x bowel wall thickness >3 mm)+ (1 X edema)+ (1 X fat
stranding) + (1 X DWI grades)] from non-contrast MRE ses-
sions (referred to as modified SMARIA).

Additionally, for each patient, the type (sinus tract, fis-
tula, or abscess) and location of penetrating disease were
analyzed. The level of confidence for penetrating disease
was rated using a 5-point numerical rating scale: 1, definitely
absent; 2, probably absent; 3, indeterminate; 4, probably pre-
sent; and 5, definitely present. Disagreements between the
two reviewers were resolved through discussion, and review-
ers reached a consensus.

lleocolonoscopy

Ileocolonoscopic images were retrospectively reviewed
by a board-certified gastroenterologist and were used as
the reference standard for CD disease activity. For each
bowel segment, the Simple Endoscopic Score for Crohn’s
disease (SES-CD) was calculated [18], and the presence of
inflammatory mucosal lesions, including aphthoid lesions,
erythema, and both superficial and deep ulcers, was evalu-
ated. According to endoscopic results, bowel segments were
classified into three categories: 1, no active inflammation; 2,
inflammatory lesions such as erythema, edema, or aphthae
without ulcers; 3, severe inflammation with the presence of
superficial or deep ulcers. Both mild and severe inflamma-
tion were considered active inflammation in this study.

Statistical analysis
All statistical analyses were performed on a per-segment

basis. First, the diagnostic performances of the three scor-
ing systems, CE-sMARIA, T2-sMARIA, and modified
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SMARIA, for detecting active inflammation and severe
inflammation were evaluated using the receiver operat-
ing characteristic curve analysis. The AUC was compared
between two scoring systems using a method by Obu-
chowski, considering intracluster correlation [19].

Second, the correlation between segmental SES-CD and
SMARIA was estimated using Spearman’s correlation. The
correlation coefficient, p, ranges from — 1 to+ 1 with the
absolute value representing the strength of the correlation
(0, no correlation; 0.2, weak correlation; 0.5, moderate cor-
relation; 0.8, strong correlation; 1, perfect correlation) [20].

Third, to assess the diagnostic performance of MRE fea-
tures (MRE-defined ulcer and diffusion restriction) to pre-
dict endoscopic ulcers, sensitivity, specificity, and accuracy
were calculated and compared using a generalized estimat-
ing equations model. As superficial ulcerations less than
5 mm in depth have less clinical significance and worse
reliability compared to deep ulcers, the diagnostic per-
formance of MRE was analyzed for ulcerations > 0.5 cm.
Additionally, the detection sensitivity of MRE features for
endoscopic ulcerations was compared according to ulcer
size (<0.5 cm, 0.5-2 cm, and > 2 cm). DWI grade of 2 was
defined as positive diffusion restriction for the analysis.

Fourth, the interobserver reproducibility of the segmen-
tal SMARIA scores between the two reviewers was evalu-
ated using the intraclass correlation coefficient (ICC) with
a linear mixed model to consider intracluster correlation:
ICC <0.20, slight; 0.21-0.40, fair; 0.41-0.60, moder-
ate; 0.61-0.80, substantial; and 0.81-1.00, almost perfect
reliability [21]. The interobserver reproducibility of each
component of SMARIA (mural thickening, mural edema,
fat stranding, ulcers) and DWI grade (0-2) was analyzed
using weighted « statistics: ¥ <0.20, slight; 0.21-0.40, fair;
0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00, excel-
lent agreement [22, 23].

Statistical analyses were performed using R software
(version 4.0.4; R Foundation for Statistical Computing) and
SAS (version 9.4, SAS Institute). A p value less than 0.05
was considered statistically significant. Bonferroni’s correc-
tion was applied to adjust p values for multiple comparison.

Results
Patient characteristics

A total of 55 patients with 275 bowel segments were
included in the analyses and patient characteristics are
summarized in Table 1. The median global SES-CD was
8 (IQR, 4-13) for 35 patients who had at least one bowel
segment with active inflammation. Out of 275 bowel seg-
ments, ileocolonoscopy identified active inflammation in 75
bowel segments (27.3%), including 38 segments with severe

inflammation. Consensus results of conventional MRE dem-
onstrated eight patients (8/55, 14.5%) had intraabdominal
penetrating complications including sinus tract (n=1) and
fistula (n="7). On the other hand, non-contrast MRE over-
looked two of these patients (one sinus tract and one fistula).

Validation of sMARIA for evaluating active bowel
inflammation

For detection of active inflammation, CE-sMARIA showed
the highest AUC (0.908, 95% confidence interval (CI)

Table 1 Characteristics of the study population

Parameter Value
Patients (n=55)
Age (years), mean +SD 30+7.9
Male (%) 41 (74.5)
Body mass index (kg/m?), mean +SD 21.0+2.8
CRP (mg/L), mean+SD 8.1+13.5
CD activity index 89 (52.5-176.5)
SES-CD, global® 8 (4-13)
Duration between MRE and colonoscopy (days) 0 (0-1.5)
Disease location® (%)
Terminal ileum 13 (23.6)
Colonic 3(5.9)
Ileocolonic 19 (34.5)
No active inflammation 20 (36.4)
Penetrating disease (%)
Conventional MRE (T2WI+ CE T1WI) 8 (14.5)
Non-contrast MRE (T2WI+ DWI) 6 (10.9)
Bowel segments (n= 275)°
Segments with mild inflammation (%) 37 (13.5)
Segments with severe inflammation® (%) 38 (13.8)
SES-CD, segmental® 4 (3-7)
SMARIA, segmental®
CE-sMARIA 3(2-4.5)
T2-sMARIA 2 (0-3)
Modified SMARIA 3(0.54.5)

Unless otherwise specified, continuous values are expressed as
median (interquartile range)

SD, standard deviation; CRP, C-reactive protein; CD, Crohn’s dis-
ease; SES, simple endoscopic score; MRE, magnetic resonance enter-
ography; T2WI, T2-weighted imaging; CE, contrast-enhanced; 71 WI,
T1-weighted imaging; sMARIA, simplified magnetic resonance index
of activity

#Values of SES-CD and sMARIA are summarized for 75 bowel seg-
ments with active inflammation

bActive inflammation was determined by ileocolonoscopy

“Severe active inflammation was defined by the presence of endo-
scopic ulcerations
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[0.857-0.959]) followed by modified sMARIA (0.863
[0.803-0.923]), and T2-sMARIA (0.827 [0.773-0.881];
Table 2). The AUC of T2-sMARIA was significantly
lower than CE-sMARIA (p=0.001) and modified sMA-
RIA (p=0.017). On the other hand, the AUCs were not
significantly different between CE-sMARIA and modified
SMARIA (p=0.122). The cutoff values were 1 for diag-
nosing active inflammation, and 2 for diagnosing severe
inflammation, and were kept the same for the three scor-
ing systems (CE-sMARIA, T2-sMARIA, and modified
sMARIA).

For detecting severe inflammation with endoscopic
ulcerations, modified sSMARIA showed the highest AUC
(0.858 [0.757-0.958]), followed by CE-sMARIA (0.835
[0.748-0.922]) and T2-sMARIA (0.806 [0.717-0.895]).
The AUC of modified sSMARIA was significantly higher
than that of T2-sMARIA (p =0.036). There was no sig-
nificant difference between the AUCs of CE-sMARIA and
T2-sMARIA (p=0.971), or between CE-sMARIA and
modified sSMARIA (p >0.999).

Segmental SES-CD and sMARIA scores showed mod-
erate correlation across all scoring systems, with correla-
tion coefficients of 0.795 (95% ClI, 0.747-0.835) for CE-
sMARIA, 0.722 (0.660-0.774) for T2-sMARIA, and 0.777
(0.726-0.820) for modified SMARIA. Representative cases
evaluating CE-sMARIA, T2-sMARIA, and modified SsMA-
RIA are depicted in Figs. 2 and 3.

Diagnostic performances of MRE findings to predict
endoscopic ulcers

In this study, ulcers from the original SMARIA system
were replaced with DWI grades in the formula used to
calculate the modified SMARIA on non-contrast MRE.
Using ileocolonoscopy results as the reference standard,
the diagnostic performance of MRE ulcer detection and
diffusion restriction (DWI grade 2) for identifying endo-
scopic ulcers were compared. For all parameters, ulcers
on conventional MRE (T2WI+ CE T1WI) and diffusion

restriction did not show significant differences in endo-
scopic ulcer prediction (ps > 0.05, Table 3). The sensitivity
of ulcers on T2WI (18.4%) was significantly lower than
those of ulcers on conventional MRE (42.1%, p=0.008)
and diffusion restriction (57.9%, p <0.001). On the other
hand, the specificity of ulcers on T2WI (99.2%) was sig-
nificantly higher than those of ulcers on conventional
MRE (94.9%, p =0.004) and diffusion restriction (95.8%,
p=0.031). The accuracy was not significantly different
between ulcers on conventional MRE, ulcers on T2WI,
and diffusion restriction (ps > 0.05).

Regardless of ulcer size, ulcers evaluated on T2WI
showed the lowest sensitivity for endoscopic ulcerations
(Table 4). Ulcers on conventional MRE showed better sen-
sitivity than ulcers on T2WI for the detection of endoscopic
ulcers <0.5 cm (37.5% vs. 8.3%, p=0.024), and 0.5-2 cm
(45% vs. 5%, p=0.015). On the other head, sensitivity was
not significantly different between ulcers on conventional
MRE and diffusion restriction for ulcers <2 cm (p > 0.999).
For ulcers > 2 cm, diffusion restriction showed significantly
higher sensitivity (72.2%) than ulcers on conventional MRE
(38.9%, p=0.042) and ulcers on T2WI (33.3%, p=0.024).

Interobserver reproducibility

Interobserver agreement for SMARIA between the two
reviewers ranged from substantial to almost perfect for CE-
sMARIA (ICC, 0.769 [95% CI, 0.714-0.816], T2-sMA-
RIA (0.819 [0.774-0.857]), and modified sMARIA (0.834
[0.793-0.869]). Interobserver agreement for each parameter
of SMARIA is summarized in Table 5. All parameters except
for ulcers showed similarly good interobserver agreement
between conventional MRE (k, 0.660-0.746) and non-con-
trast MRE (x, 0.603-0.797). MRE-detected ulcers showed
fair agreement on both conventional (x, 0.382) and non-
contrast MRE (x, 0.312). Diffusion restriction (DWI grade
2) showed significantly better agreement (x, 0.686) than
ulcer detection on conventional MRE (p =0.001) and T2WI
(p=0.012).

Table 2 Per-segment diagnostic performances of MRE-based indices for predicting active and severe inflammation

AUC (95% CI) Adjusted p value®
CE-sMARIA T2-sMARIA Modified SMARIA® CE vs. T2 CE vs. modified T2 vs. modified
Active inflammation 0.908 0.827 0.863 0.001 0.122 0.017
(0.857-0.959) (0.773-0.881) (0.803-0.923)
Severe inflammation 0.835 0.806 0.858 0.971 >0.999 0.036

(0.748-0.922)  (0.717-0.895)

(0.757-0.958)

MRE, magnetic resonance enterography; CI, confidence interval; CE, contrast-enhanced; sMARIA, simplified magnetic resonance index of activ-

ity

*For multiple comparisons, p values were adjusted using Bonferroni’s correction

"Modified SMARIA score was calculated by replacing ulcers with DWI grades on non-contrast MRE
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Fig.2 A 20-year-old man with
active Crohn’s disease inflam-
mation in the terminal ileum.

a Coronal contrast-enhanced
T1-weighted image shows
mural thickening (arrow) and
ulcerations (arrowheads) of
the terminal ileum. b Coronal
T2-weighted image without fat
saturation shows mural thick-
ening of the terminal ileum,
but without definite edema

or ulceration. ¢ Coronal DWI
image shows multifocal diffu-
sion restriction (grade 2) in the
terminal ileum (arrowheads),
resulting in a CE-sMARIA and
modified SMARIA of 3, and a
T2-sMARIA of 1. d Endoscopic
image of the terminal ileum
shows focal erythema, aphthous
and superficial ulcers (arrows)

Fig.3 A 20-year-old woman
with active Crohn’s disease
inflammation in the descend-
ing colon. a Coronal contrast-
enhanced T1-weighted image
shows mural thickening (arrow)
and ulcerations (arrowheads) of
the descending colon. b Coronal
T2-weighted image without

fat saturation shows mural
thickening and edema of the
descending colon, but without
definite ulceration. ¢ Coronal
DWI image shows diffusion
restriction (grade 2) in the cor-
responding segment, resulting
in a CE-sMARIA and modified
SMARIA of 4, and a T2-sMA-
RIA of 2. d Endoscopic image
of the descending colon shows
large longitudinal ulcerations
and cobblestone appearance
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Table 3 Diagnostic performances of MRE findings for identifying endoscopic ulcerations

Parameters Adjusted p value®
Ulcer on CE Ulcer on T2 Diffusion restriction® CE vs. T2 CE vs. DWI T2 vs. DWI

Sensitivity 42.1 (16/38) 18.4 (7/38) 57.9 (22/38) 0.008 0.290 <0.001
[26.41-57.80] [6.10-30.75] [42.20-73.59]

Specificity 94.9 (225/237) 99.2 (235/237) 95.8 (227/237) 0.004 >0.999 0.031
[92.15-97.73] [97.99-100] [93.22-98.34]

Accuracy 87.6 (241/275) 88.0 (242/275) 90.6 (249/275) >0.999 0.302 0.480

[83.75-91.53] [84.16-91.84]

[87.09-94.00]

Endoscopic ulcerations > 0.5 cm were included in the analyses

Values in square brackets indicate 95% confidence interval. For p values, CE and T2 indicate ulcers observed on conventional MRE and

T2-weighted imaging, respectively, and DWI implies diffusion restriction

MRE, magnetic resonance enterography; CE, contrast-enhanced

*For multiple comparisons, p values were adjusted using Bonferroni’s correction

bStrong diffusion restriction (DWI grade of 2) is considered positive

Discussion

This study validated that SMARIA scoring is effective for
detecting active inflammation and grading inflammatory
severity of bowel inflammation in CD patients. In contrast
to the original MARIA score requiring CE sequences, SMA-
RIA can theoretically be evaluated solely on non-contrast
scans, such as T2WI. Despite encouraging results from
previous studies regarding SMARIA scoring without gad-
olinium-enhanced sequences [12, 13], our study revealed
that T2-sMARIA had significantly inferior diagnostic per-
formance compared to CE-sMARIA for assessing active
inflammation. Additionally, T2-sMARIA showed a worse
correlation with SES-CD than CE-sMARIA. In this study,
we modified the original SMARIA scoring system by
replacing ulcers with DWI grades, which could be evalu-
ated on non-contrast sequences (T2WI and DWI). The

modified SMARIA resulted in significantly higher AUCs
than T2-sMARIA for evaluating active and severe inflam-
mation and it showed a similar diagnostic performance to the
original CE-sMARIA. The modified sMARIA also demon-
strated almost perfect interobserver agreement. Therefore,
with the incorporation of DWI, the diagnostic performance
of sSMARIA without gadolinium enhancement could be sig-
nificantly improved, resulting in a similar performance to
sMARIA on conventional MRE.

Ulcers are one of the most important findings associated
with active inflammation in CD on both endoscopy and
MRE. Ulcer depicted on MRE is significantly correlated with
CD endoscopic index of severity scores; thus, it is included in
most MRE-based activity scoring systems, including sSMA-
RIA [6, 24, 25]. In this study, we evaluated the diagnostic
performance of MRE-defined ulcers and diffusion restriction
for the prediction of ulcer detection by endoscopy. Despite

Table 4 Detection sensitivity of MRE findings for identifying endoscopic ulcerations according to ulcer size

Parameters Adjusted p value®
Ulcer on CE Ulcer on T2 Diffusion restriction® CE vs. T2 CE vs. DWI T2 vs. DWI

Ulcer size <0.5 cm 37.5(9/24) 8.3 (2/24) 29.2 (7/24) 0.024 >0.999 0.177
[17.15-71.19] [1.01-30.10] [11.73-60.09]

0.5 cm < Ulcer size<2 cm 45.0 (9/20) 5.0 (1/20) 45.0 (9/20) 0.015 >0.999 0.015
[20.58-85.42] [0.13-27.86] [20.58-85.42]

Ulcer size>2 cm 38.9 (7/18) 33.3 (6/18) 72.2 (13/18) >0.999 0.042 0.024

[15.64-80.13] [12.23-72.55]

[38.46-123.5]

Values in square brackets indicate 95% confidence interval. For p values, CE and T2 indicate ulcers observed on conventional MRE and

T2-weighted imaging, respectively, and DWI implies diffusion restriction

MRE, magnetic resonance enterography; CE, contrast-enhanced

#For multiple comparisons, p values were adjusted using Bonferroni’s correction

bStrong diffusion restriction (DWI grade of 2) is considered positive
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Table 5 Interobserver agreement for interpretation of MRE findings

K statistics (95% CI)

Conventional MRE Non-contrast MRE
Mural thickening 0.720 (0.632-0.809) 0.797 (0.713-0.881)
Mural edema 0.746 (0.667-0.825) 0.718 (0.616-0.821)
Fat stranding 0.660 (0.526-0.793) 0.603 (0.507-0.699)
Ulcers 0.382 (0.212-0.552) 0.312 (0.034-0.590)

Diffusion restriction ~ NA 0.686 (0.602-0.770)

MRE, magnetic resonance enterography; CI, confidence interval; NA,
not applicable

the high specificity of MRE-defined ulcers, the sensitivity of
ulcer detection (>0.5 cm) was 42.1% on conventional MRE
(T2WI and CE T1WI), and was only 18.4% on T2WI alone.
Moreover, the interobserver agreement of ulcer detection was
unsatisfactory, with « values of 0.382 for conventional MRE,
and 0.312 for T2WI. Previous studies have also reported that
ulcer detection rates on MRE are variable, ranging from 0
to 71%, and have lower interobserver reproducibility than
other imaging parameters [5, 14, 26]. The low interobserver
reproducibility may be because recognition of CD ulcers on
MRE is dependent not only on ulcer size and depth, but also
on their orientation with respect to the image plane [14].
Additionally, as inflamed mucosa appears prominently with
contrast enhancement, a lack of CE sequences may further
hinder the detection of subtle mucosal breaks.

Therefore, in order to improve the accuracy of SMARIA
on non-contrast MRE, modification of the ulcer detection
requirement is essential. As evidenced by the results of the
modified SMARIA described in this study, diffusion restric-
tion can be a good substitute for the ulcer detection require-
ment. In this study, diffusion restriction showed 57.9% of sen-
sitivity to predict endoscopic ulcers (= 0.5 cm), which was
significantly higher than ulcer detection on T2WI and com-
parable with ulcer detection on conventional MRE. Of note,
for the detection of large ulcers (>2 cm), diffusion restriction
showed significantly higher sensitivity (72.2%) than ulcers
on conventional MRE (38.9%) and ulcers on T2WI (33.3%).
Interobserver agreement of diffusion restriction (x=0.686)
was also significantly better than ulcer detection on both con-
ventional MRE and T2WI. DWl is currently included as part
of routine MRE sequences in many institutions and has shown
potential to detect active CD inflammation and to evaluate
disease severity quantitatively [15, 27]. The Clermont score,
which included an ADC value in place of relative contrast
enhancement from the original MARIA scores, effectively
detected endoscopic ulcers with a sensitivity of 79% and a
specificity of 73% [25, 28, 29]. Kim et al. [14] also modi-
fied original MARIA scores by substituting ulcer detection
with diffusion restriction and reported that modified MARIA
scores showed better interobserver reproducibility when

assessing inflammatory severity, and comparable diagnostic
performance to original MARIA scores using CE-MRE. How-
ever, there are still several pitfalls to using DWI, including
inconsistent accuracy for diagnosing active CD inflammation,
and relatively low specificity with a high false positive rate,
particularly in less distended bowel or colonic segments [15,
16, 30]. Therefore, technical optimization and careful inter-
pretation with other sequences, such as T2WI, are warranted.

There are several limitations to this study. First, a small
number of patients were included in this study, because we
selected a 2-week time interval between ileocolonoscopy and
MRE for precise comparison. Despite the limited number of
patients, all statistical analyses were performed on a per-seg-
ment basis with a total of 275 bowel segments, and statistical
methods were chosen that took into account intracluster cor-
relation within a patient. Although our study was able to vali-
date the modified scoring system using DWI for “segmental”
SMARIA, special caution should be exercised when interpret-
ing our results at the patient level. Future larger prospective
studies are necessary to generalize this modified scoring sys-
tem to “global” sSMARIA before adopting it in daily clinical
practice. Second, we retrospectively enrolled CD patients with
recent ileocolonoscopic results, and a relatively high percent-
age of patients (36.4%) without active bowel inflammation
were included. In this study, approximately half of the bowel
segments with active inflammation showed only mild inflam-
mation on endoscopy. In contrast, most previous studies used
segments with moderate to severe disease. Nevertheless, this
study has shown that SMARIA and modified SMARIA are
also effective at evaluating either mild or inactive disease
states. Additionally, retrospective evaluation of endoscopic
images has its own limitations. Third, axial T2WI was not
included in the routine MRE protocols during the early study
period. Since the detection of ulcers is affected by the orien-
tation of ulcers with respect to the viewing plane, the lack
of axial T2WI might decrease the diagnostic performance of
T2WI for ulcer evaluation. Fourth, we did not evaluate DWI
alone, only with T2WI,; thus, T2WI findings might affect the
DWI evaluation. However, our study design might reflect clin-
ical practices because DWI alone has poor anatomical details,
and MRE interpretation in daily clinical practice includes the
use of combined sequences. Fifth, we did not perform sophis-
ticated regression analysis when developing the modified
SMARIA score. Instead, we practically weighted coefficient 1
for DWI grades to maintain similarity to the original SMARIA
scale. Further large-scale prospective studies are necessary to
identify the optimal combination of DWI to improve upon our
results. Sixth, non-contrast MRE might have limited value for
evaluating penetrating complications in CD patients. Out of
eight patients in this study that had penetrating complications
detected on conventional MRE, two had penetrating compli-
cations overlooked on non-contrast MRE. As previous studies
have also shown that CE sequences might enhance sensitivity
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to detect penetrating complications [17, 31], caution is war-
ranted before omitting contrast enhancement if penetrating
complications are suspected. Finally, since the primary aim
of this study was to introduce and validate SMARIA using
non-contrast MRE with DWI for diagnosing active inflamma-
tion in CD patients, further studies regarding the accuracy of
modified SMARIA in monitoring treatment response or drug
efficacy are needed for the comprehensive implementation of
this scoring system in daily practice.

In conclusion, our study proposed a modified SMARIA
that uses DWI instead of ulcers in its calculation and exter-
nally validated the SMARIA scoring system to diagnose active
inflammation in CD patients. Modified SMARIA using DWI
can potentially improve the diagnostic performance of non-
contrast MRE and achieve comparable performance to SsMA-
RIA using CE-MRE. However, further prospective studies
are warranted in a larger population to generalize our results.
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