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Abstract

Background Cross-sectional imaging is increasingly used for both initial diagnosis and long-term monitoring of Crohn’s
disease. The quantitative morphology of the terminal ileum may predict treatment response.

Objective We aimed to identify baseline qualitative and quantitative imaging features that are associated with clinical and
radiologic treatment response in a large cohort of children with Crohn’s disease.

Materials and methods This was a retrospective study of the RISK cohort study in pediatric Crohn’s disease. This multi-
center study included 1,136 children <18 years from 28 sites in North America. Subjects enrolled with newly diagnosed
Crohn’s disease who underwent endoscopy with baseline and follow-up CT or MRI were considered for this study. Exclu-
sion criteria were incomplete data or surgical resection prior to follow-up imaging. Imaging analysis included assessing a
qualitative terminal ileum (TI) categorical score based on SAR-AGA consensus definitions ((1) normal, (2) inflammation
only without luminal narrowing, (3) inflammation with luminal narrowing, or (4) stricture with pre-stenotic dilation >3 cm)
and quantitative measurements (maximum bowel wall thickness and maximum/minimum lumen diameter). Two endpoints
were considered: (1) clinical response (off corticosteroids and quiescent Physician Global Assessment at follow-up imaging)
and (2) CT and MRI response (follow-up imaging normalization). Multivariable logistic regression analyses were developed
for each endpoint.

Results Ninety-six subjects were included. Clinical response endpoint was achieved in 38% (n=36) of participants, and
imaging normalization was achieved in only 20% (n=19) of participants. Follow-up imaging showed disease progression in
24 (25%) patients, 7 (7%) of whom were radiologically normal at baseline (7%). A higher baseline TI categorical score was
associated with lower odds of imaging normalization during follow-up (OR 0.4 [0.2, 0.8], P=0.009). Larger TI minimum
lumen diameter (OR 1.1 [1.01, 1.3], P=0.04) and smaller maximum bowel wall thickness at baseline (OR 0.8 [0.6, 0.97],
P=0.03) were associated with imaging normalization. There were no baseline imaging measurements associated with clini-
cal response.

Conclusions Baseline increased terminal ileal minimum lumen diameter and decreasing wall thickness were associated with
imaging normalization at follow-up, but not clinical response.

Extended author information available on the last page of the article
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Graphical Abstract

Baseline Terminal lleal CT and MRI Measurements are Associated with Imaging Outcomes in

» Cohort from RISK multicenter prospective
study with pediatric patients with Crohn’s
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normalization at follow-up in pediatric Crohn’s Disease.
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Introduction

Crohn’s disease (CD) is an autoimmune disease with
transmural tissue inflammation along the gastrointestinal
tract. Inflammatory disease can progress to more com-
plicated disease with smooth muscle proliferation and
fibrostenosis [1, 2]. Endoscopic evaluation is the gold
standard for diagnosis; however, cross-sectional imaging
continues to be important for assessing baseline disease
and disease monitoring. Despite modern medications and
therapeutic drug monitoring, healing still only occurs in
a minority of patients. With rising pediatric disease inci-
dence and complications developing in 7-25% of patients
following diagnosis, imaging can play a key role in iden-
tifying pediatric patients at risk for these complications
[3-5].

Cross-sectional imaging, including computed tomog-
raphy (CT) and magnetic resonance imaging enterogra-
phy (MRE), is used as a non-invasive method to evaluate
the presence, location, and severity of inflamed bowel
segments as well as strictures and possible co-existing
penetrating complications in pediatric Crohn’s Disease
[6]. Historically, a lack of standard definitions for lumi-
nal narrowing and stricture has made interpretation of
results challenging across studies [7, 8]. In the 2018
American Gastroenterological Association (AGA)-Soci-
ety of Abdominal Radiology (SAR) consensus guide-
lines, which were endorsed by the Society for Pediat-
ric Radiology, the nomenclature for luminal narrowing
and stricture was strictly defined. Luminal narrowing
occurs without pre-stenotic dilation, while a stricture is
a segment of intestine showing wall thickening, lumi-
nal narrowing >50%, and pre-stenotic dilation >3 cm
(Fig. 1) [9]. Incorporating the 2018 definitions has led

to improved predictive models of transmural healing in
pediatric patients [10].

Quantitative imaging assessments of bowel wall inflam-
mation using MRE have been developed into scoring sys-
tems, including the MR index of activity (MaRIA), sim-
plified MaRIA, and London score [11-13]. These scores
include both qualitative measurements (such as edema,
ulceration, or fat stranding) and quantitative measure-
ment of bowel wall thickness. The MaRIA score uses wall
thickness as a continuous variable, while other scores use
dichotomous or categorical assessment of the bowel wall.
Imaging scoring systems have been used extensively in
research studies, but clinically, their use can be limited
by the time required for scoring, and/or the variation of
inflammation along bowel segments may not be captured
in these scores [9, 12-14].

We aimed to perform both qualitative (based on the AGA-
SAR guidelines) and quantitative assessments (minimal lumen
diameter, maximal lumen diameter, and bowel wall thickness)
of terminal ileal morphology at diagnosis and evaluate their
associations with eventual clinical response and imaging nor-
malization (i.e., radiologic transmural healing) at follow-up.
Secondly, we aimed to develop a multivariable logistic regres-
sion model to assess the association between qualitative and
quantitative radiologic assessments of the terminal ileum at
diagnosis with eventual clinical response and imaging nor-
malization (i.e., radiologic transmural healing) at follow-up.

Methods

Study design This study analyzed data from a sub-cohort of
the RISK cohort study which enrolled 1,136 children at the
time of diagnosis with Crohn’s disease from 2008-2012 at
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Fig. 1 Examples of MRI images of the AGA-SAR classification sys-
tem. a A 13-year-old with Crohn’s disease. Axial T2-weighted single-
shot fast spin-echo image of the terminal ileum (arrow) appears nor-
mal without wall thickening or luminal narrowing. b A 16-year-old
with Crohn’s disease. Axial T2-weighted single-shot fast spin-echo
image shows terminal ileal wall thickening (arrows), but no luminal
narrowing. There is also intramural edema and mucosal ulcers. ¢ A

28 sites across North America and followed them for a total
of 5 years (ClinicalTrials.gov identifier NCT00790543) [3].

Ethical considerations The institutional review board at each
site reviewed the RISK study protocol prior to approval,
which allows for additional analysis of completed data.
Appropriate written informed consent was obtained in all
cases from parents/guardians or patients, and informed
assent was provided as appropriate.

Subjects who had suspected Crohn’s disease and under-
went baseline endoscopy to confirm disease were enrolled.

@ Springer

16-year-old with Crohn’s disease. Coronal T2-weighted single-shot
fast spin-echo image shows terminal ileal wall thickening and lumi-
nal narrowing (arrow), but no dilation of the upstream bowel. d A
14-year-old with Crohn’s disease. Coronal T2-weighted single-shot
fast spin-echo image shows terminal ileal wall thickening and luminal
narrowing (arrow) as well as upstream dilation of the more proximal
ileum and the small bowel feces sign (asterisk)

Baseline clinical, demographic, serologic, imaging, and
endoscopic data were collected. Inclusion criteria for the
current study were enrollment in RISK and complete clini-
cal/demographic information. Expanding beyond prior pub-
lications of the RISK cohort, inclusion criteria for imaging
were more stringent by including only diagnostic cross-
sectional imaging (CT and MRI) to facilitate quantitative
measurements on baseline imaging (within 6 months of
diagnosis) and follow-up imaging (6 months after diagnosis)
[3, 10]. The current analysis, therefore included 71 out of
96 RISK cohort study participants included in a prior pub-
lication from our group, which focused upon associations
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between baseline qualitative ileal features and concurrent
gene expression and microbial community features [12]. An
additional 25 subjects from the RISK cohort with baseline
and follow-up imaging were also included. Participants were
excluded based on incomplete data or surgical resection
prior to follow-up imaging (Fig. 2).

Baseline data were obtained, including demographics,
clinical history, antimicrobial serology, and cross-sectional
imaging (CT or MRI). Prior to treatment, a baseline ile-
ocolonoscopy was performed to confirm histologic disease
characteristics. Montreal classification was used for disease
behavior (B1-non-stricturing, non-penetrating; B2-struc-
turing; or B3-penetrating) [15]. As part of RISK, every
6 months after diagnosis, all subjects were evaluated regard-
ing current medications (including biologic therapy and cor-
ticosteroid use), anthropometric measurements, documenta-
tion of interval imaging, and surgery/hospitalization since
the prior visit. Medical management was based upon the
patient’s individual physician’s assessment and recommen-
dations. For the purposes of this study, data collected from
the RISK database included age at enrollment, sex, Physi-
cian Global Assessment status at baseline and follow-up, use

1136 | RISK Cohort

Fig.2 Consort diagram for
study population

of corticosteroid, use of anti-TNF-a therapy within 3 months
of diagnosis, and use of anti-TNF-a therapy within 3 years
of diagnosis.

The co-primary outcomes were evaluated at the time of
follow-up imaging as: (1) clinical response or (2) imaging
normalization response. For the clinical response, this was
defined as corticosteroid-free and Physician Global Assess-
ment (PGA) quiescent, at clinical follow-up coinciding with
follow-up imaging. The PGA is a clinical score determined by
the subject’s medical provider, ranging from quiescent, mild,
moderate, to severe disease activity [16]. For imaging nor-
malization response, this was defined as radiologic transmural
healing without active inflammation, no bowel wall thicken-
ing, or luminal narrowing on follow-up cross-sectional imag-
ing (CT or MRI) based on central imaging review.

Imaging analysis Centralized reading was performed for
all relevant imaging by a board-certified fellowship-trained
pediatric radiologist with 13 years post-fellowship clini-
cal experience. Cross-sectional imaging included clinical
abdominopelvic computed tomography (CT) with intrave-
nous contrast material, computed tomography enterography

> Excluded
(888) Baseline imaging not available

248 Pt with Baseline Imaging Available for Central Read

> Excluded

(52) No cross-sectional imaging (SBFT only)

(8) Imaging non-diagnostic

(4) Imaging available but time greater than 6mnt prior to diagnosis

184 Complete Final Baseline Imaging

96 Final

» Excluded

(71) No Follow-up imaging available

(6) Surgery prior to follow up imaging

(5) No PGA recorded

(3) No Corticosteroid data recorded

(2) No clinical follow up data recorded

(1) Follow up imaging concerning for prior surgery

Baseline + Follow-up Imaging + Composite Endpoints
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(CTE), magnetic resonance imaging (MRI), and magnetic
resonance enterography (MRE) (Supplemental Table 1).
Imaging was performed based on local institutional proto-
cols. As this study utilized clinical imaging exams, there
were slight differences between imaging studies with respect
to pulse sequences obtained and imaging planes. Baseline
imaging examinations obtained within 6 months of diagnosis
were analyzed, while imaging obtained more than 6 months
after diagnosis was defined as follow-up.

Qualitative analysis Ileal CD involvement was qualitatively
assessed (i.e., TI categorical score) by the AGA-SAR con-
sensus guidelines as follows: (1) no active inflammation; (2)
active inflammation only (abnormal post-contrast hyperen-
hancement and wall thickening) without luminal narrow-
ing; (3) active inflammation with luminal narrowing (ileal
lumen diameter reduced to <50% of the upstream small
bowel luminal diameter); and (4) overt stricture defined as
wall thickening, luminal narrowing with >3 cm pre-stenotic
bowel dilation [9, 10].

Quantitative analysis Quantitative measurements were
made on the imaging series (sequence, plane) that best
demonstrated the imaging feature/measurement of interest.
Both non-contrast and post-contrast images were used for
this study and varied by patient. Measurements were within
the terminal ileum lumen, defined as the 15 cm of ileum
proximal to and including the ileocecal valve (Fig. 3). Maxi-
mal wall thickness was measured in the thickest area from
the inner wall (mucosa, if present) to the outer wall (serosa),

Fig.3 Example of terminal ileum measurements in a patient with
luminal narrowing. A 13-year-old with Crohn’s disease. Axial CT
image with IV and oral contrast material which demonstrates lumi-
nal narrowing and wall thickening of the terminal ileum. The mini-
mum luminal diameter was approximately 1 mm (solid black line)
while there was proximal terminal ileum maximal dilation of 28 mm
(black dash line) which generated a luminal narrowing ratio of 28.
The maximal wall thickness was 7 mm measured at the level of the
white arrow
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then perpendicular to the luminal centerline. The minimal
lumen diameter was measured at the area with the smallest
diameter from the inner wall to the inner wall, orthogonally
to the luminal centerline. The maximal lumen diameter was
measured at the area with the largest diameter from the inner
wall to the inner wall, orthogonally to the luminal centerline.
A luminal narrowing ratio of maximal to minimal luminal
diameter was calculated to create an objective luminal nar-
rowing “index” where no luminal narrowing =1 and increas-
ingly positive values are indicative of worsening stricturing
disease (i.e., more severe luminal narrowing and greater
proximal bowel dilation).

Statistical analysis Continuous variables were summa-
rized as medians and interquartile ranges, while categori-
cal variables were summarized as counts and percentages.
Fisher’s exact or chi-squared and Wilcoxon rank-sum tests
were used to test differences in categorical and continuous
variables, respectively, between patient subgroups. Wilcoxon
signed-rank test was used to test for differences in paired
data. Multivariable logistic regression was used to obtain
covariate-adjusted odds ratios (OR) and 95% confidence
intervals (Cls) for achievement of each co-primary end-
point according to baseline imaging factors. All non-imaging
model covariates were determined a priori and included age
at diagnosis, sex, race (Caucasian vs. other), and duration of
follow-up. All analyses were performed using the R program
for statistical computing and graphics (R Foundation for Sta-
tistical Computing, Vienna, Austria, 2022) [17]. P-values
<0.05 were considered significant for inferential testing.

Data availability All data supporting the findings of this
study are available from the corresponding author upon
reasonable request.

Results

Of the 1,136 patients in the RISK cohort, a total of 96 were
included in this study based on the availability of baseline
and follow-up imaging for central reading (Table 1). Imaging
response was achieved in 20% (n=19) while 80% were imag-
ing non-responders. Clinical response outcome, defined as
quiescent PGA and corticosteroid-free at the time of follow-
up, was achieved by 38% (n=36) of subjects, while clinical
non-responders were 62% of the total study cohort (Table 2).

Baseline demographics and serology were similar
between non-responder and responder groups for each
primary outcome (Tables 1 and 2). Anti-TNF-a therapy
was used within 3 months in 23 subjects and increased
to 80 subjects by the three-year follow-up. There were
no statistically significant differences in the use of
anti-TNF-a treatment between clinical responders and
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Table 1 Demographics and baseline characteristics of clinical and imaging non-responders and responders
Total study cohort Clinical Imaging normalization
Non-responders Responders Non-responders Responders
N=96 N=60 N=36 N=T7 N=19
Baseline demographics
Age at diagnosis (years) 11.9 (10, 14.4) 11.9 (10, 14.4) 11.6 (10.1, 14) 11.8 (10.2, 13.8) 12.4 (10, 15)
Male 60 (62%) 37 (62%) 23 (64%) 52 (68%) 8 (42%)
Caucasian 79 (82%) 49 (82%) 30 (83%) 62 (81%) 17 (89%)
Physician Global Assessment 63 (66%) 41 (68%) 22 (61%) 48 (62%) 15 (79%)
moderate-severe
Time to baseline imaging (month) 0.2 (-0.07,0.7) 0.2 (-0.1,0.7) 0.3 (0.03,0.9) 0.2 (-0.03, 0.8) 0.4 (-0.1, 0.6)

Clinical response was based on quiescent PGA and off corticosteroids at time of follow-up

Data presented as median (25% 1Q, 75% 1Q) or number (frequency in cohort)

non-responders in the first 3 months from diagnosis or at
three-year RISK follow-up. Early anti-TNF-a therapy was
used in 26% (n=17) of imaging non-responders and 40%
(n=6) of imaging responders; however, this difference was
not statistically significant. For the imaging normaliza-
tion endpoint, patients whose follow-up imaging demon-
strated non-response were noted to have their follow-up

imaging earlier than those whose follow-up imaging dem-
onstrated response, though not by a statistically signifi-
cant difference (median 28 months [15, 49] vs. 42 [22, 54]
(P=0.07)). Within the clinical non-response vs. response
subgroups, follow-up imaging was obtained sooner in the
non-response subgroup (median of 25 months [14, 48] vs.
39 [20, 53] (P=0.02)).

Table 2 Baseline and follow-up imaging characteristics of clinical and imaging responders

Total study cohort Clinical Imaging normalization
Non-responders Responders Non-responders Responders
N=96 N=60 N=36 N=177 N=19

Baseline TI radiologic categorization

Normal (1) 13 (14%) 8 (13%) 5 (14%) 7 (9%) 6 (32%)

Inflammation only (2) 31 (32%) 17 (28%) 14 (39%) 25 (32%) 6 (32%)

Luminal narrowing (3) 50 (52%) 34 (57%) 16 (44%) 43 (56%) 7 (36%)

Stricture (4) 2 (2%) 1 2%) 1 (3%) 2 (3%) 0
Follow-up TI radiologic categorization

Normal (1) 19 20%) 8 (13%) 11 (31%) 0 19 (100%)

Inflammation only (2) 21 (22%) 13 (22%) 8 (22%) 21 (27%) 0

Luminal narrowing (3) 50 (52%) 34 (57%) 16 (44%) 50 (65%) 0

Stricture (4) 6 (6%) 5 (8%) 1 (3%) 6 (8%) 0
Follow-up clinical status

Months to imaging follow-up 33 (15, 50) 25 (14, 48) 39 (20, 53)F 28 (15, 49) 42 (22, 54)

Months to clinical follow-up 32 (15, 49) 26 (14, 45) 37 (20, 54)° 26 (15, 47) 39 (22, 54)

PGA moderate-severe 25 (26%) 25 (42%) o# 21 (27%) 4 (21%)

CS ever at 3 years 84 (88%) 55 (92%) 29 (81%) 67 (87%) 17 (89%)

CS at follow-up 29 (30%) 29 (48%) ot 25 (32%) 4 (21%)

Anti-TNF within 3 months 23 (29%) 13 (25%) 10 (34%) 17 (26%) 6 (40%)

Anti-TNF within 3 years (N= 81) 80 (83%) 51 (85%) 29 (81%) 65 (84%) 15 (79%)

Clinical response was based on quiescent PGA and off corticosteroids at time of follow-up

PGA, Physician Global Assessment; TNF, tumor necrosis factor; CS, corticosteroid

Data presented as median (25% 1Q, 75% 1Q) or number (frequency in cohort)

T P-value <0.05, ¥P-value <0.001
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Qualitative Tl radiologic categorization

Ileal categorization remained stable between baseline and
follow-up in 55% (n=53) of subjects (Table 3). Improve-
ment from baseline to follow-up was seen in 6 subjects with
inflammation at baseline and 13 with luminal narrowing at
baseline. However, 25% (n=24) of patients had progression
of their ileal categorization. The two patients with strictures
at baseline had persistent strictures on follow-up imaging.
There were 13 subjects with normal small bowel imaging
at baseline; however, only 6 of these patients remained nor-
mal at follow-up, while the remaining progressed to inflam-
mation (n=4) to luminal narrowing (n=2), or developed an
overt stricture (n=1).

Quantitative T measurements

Quantitative measurements of the TI lumen diameter and
TT wall thickness were obtained within 15 cm of the ileoce-
cal valve (Table 4). At baseline, there were no statistical
differences in quantitative measurements between clinical
responders vs. non-clinical responders or imaging respond-
ers vs. non-imaging responders. Clinical responders did have

a statistically significant decrease in the TI wall thickness
at follow-up compared to clinical non-responders, but no
other differences were found in comparisons between clini-
cal responders vs. clinical non-responders. At follow-up,
imaging responders had an increase in the minimal lumen
diameters, an increase in maximal lumen diameter, improved
luminal narrowing (max/min) ratio, and decreased wall
thickness compared to imaging non-responders.

Predictors of imaging normalization endpoint

From the total study cohort, 20% (n=19) of subjects
achieved imaging normalization (i.e., radiologic transmural
healing) at follow-up imaging (Table 2). A multivariable
logistic regression model was developed after adjusting for
age at diagnosis, gender, Caucasian race, and duration until
follow-up imaging (Table 5). Lower odds of imaging nor-
malization with radiologic transmural healing on follow-up
imaging were independently associated with a higher base-
line TI categorical score (i.e., one unit increase was associ-
ated with OR =0.4 [0.2, 0.8], P=0.0093), greater TI wall
thickness (OR=0.8 [0.64, 0.97], P=0.03), and smaller mini-
mal lumen diameter (OR=1.1[1.01, 1.3], P=0.04).

Table 3 Terminal ileum
radiologic categorization

Follow-up imaging

at baseline and at imaging Categorization Normal Inflammatory Luminal nar-  Stricture Total
follow-up based on four AGA- rowing
SAR categories: normal (1),
active inflammation without Baseline Normal 6 4 2 1 13
luminal narrowing (2), active imaging Inflammatory 6 11 14 0 31
1nﬂamrpat10n with lurr'nnal Luminal narrowing 7 6 34 3 50
narrowing (3), and stricture (4) .
Stricture 0 0 0 2 2
Total 19 21 50 6 96

Table 4 Terminal ileal lumen and wall thickness quantitative measurements at baseline and follow-up, stratified by clinical or imaging response

Lumen min (mm)

Lumen max (mm)

Luminal narrowing (max/ Wall thickness (mm)

min) ratio
Baseline Follow-up Baseline Follow-up Baseline Follow-up Baseline Follow-up
Total study cohort 3(1,9) 2(1,10) 17 (13, 20) 17 (14, 20) 6(2,19) 7(2,18) 6(4,8) 6(3,8)
Clinical non-responders 3(1,9) 2(1,10) 17 (14, 21) 18 (15, 22) 6(2,19) 10 (2, 18) 6(4,8) 7@3,8)
Clinical responders 4(1,8) 5(1,9) 17 (13, 19) 16 (13, 19) 4(2,16) 3(2,12) 6(5,8) 53, D°
Imaging non-responders 2(1,8) 1(1,6) 17 (13, 21) 18 (15, 22)* 6(2,19) 11 (3, 19) 7(,8) 7(5.,8)
Imaging responders 8 (1, 10) 12 (8, 13)** 17 (14, 18) 16 (14, 18)* 22,11 1(1,2)* 52,7 2(2,3)*

Measurements made in the terminal ileum within 15 cm of the ileocecal valve. Lumen min was the minimal lumen diameter. Lumen max was

the maximal lumen diameter. Data presented as median (25% 1Q, 75% 1Q)

*Statistical difference between baseline and follow-up (P<0.05)

TStatistical difference between clinical responders and non-responders at baseline or follow-up (P<0.05)

*Statistical difference between imaging normalization responders and non-responders at baseline or follow-up (P<0.05)
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Table 5 Multivariable analysis of baseline imaging parameters

Adjusted OR  P-value

Clinical response

0.8(0.5,1.5) 0.50
1.01 (0.9,1.1) 0.78
1(0.9,1.1) 0.97
1(0.96,1.1)  0.98

Baseline categorization (1, 2, 3, 4)
Baseline lumen min
Baseline lumen max
Baseline luminal narrowing ratio (max/
min)

Baseline wall thickness 0.97 (0.8, 1.1) 0.67
Imaging normalization

Baseline categorization (1, 2, 3, 4) 0.4(0.2,0.8) 0.0093
1.1 (1.01,1.3) 0.04
0.9(0.8,1.1) 0.33

0.9(09,1)  0.058

Baseline lumen min

Baseline lumen max

Baseline luminal narrowing ratio (max/
min)

Baseline wall thickness 0.8 (0.6,0.97) 0.03

Multivariable analysis was conducted to test for associations between
baseline imaging features and either clinical response or imaging nor-
malization. The analysis adjusted for age at diagnosis, gender, Cauca-
sian race, and duration of follow-up. The endpoints included: clinical
response (off corticosteroids and quiescent PGA at time of follow-up
imaging) and image normalization

Predictors of clinical response endpoint

Of the 36 subjects who reached the clinical response end-
point, follow-up imaging was normal for only 31% (n=11)
of subjects. Clinical response was not associated with any
of the qualitative or quantitative baseline imaging features
assessed (Table 5). Combined clinical and imaging response
endpoints were achieved in only 11% (n=11) of all subjects.

Discussion

This study highlights the importance of follow-up imag-
ing despite clinical remission. While clinical improvement
only occurred in 38% of this study, only 11% of the study
cohort were able to achieve both clinical remission and
imaging normalization. We found a significant associa-
tion between baseline TI minimal lumen diameter and wall
thickness with improved odds of imaging normalization
with transmural healing at follow-up. Currently, there are
no guidelines recommending specific timing of when fol-
low-up imaging should be performed. In our study, follow-
up imaging was a median of 33 months from diagnosis,
and there was progression of disease in 24% of this cohort
from their baseline categorization. Patients with stricture
or penetrating CD disease were likely to have follow-up
imaged sooner compared to asymptomatic patients. We
also saw a discordance between patients in clinical remis-
sion and persistence of active imaging findings, which

suggests that imaging identifies some subclinical inflam-
matory disease [18].

Cross-sectional imaging (CT and MRI) has been used
as part of diagnosis and surveillance in IBD, particularly
to evaluate small bowel inflammation and associated com-
plications [19-21]. In clinical practice, cross-sectional
imaging is frequently ordered to re-evaluate disease in
symptomatic patients with CD. In 2018, the AGA-SAR
provided new consensus guidance recommending differ-
entiation of non-stricturing, non-penetrating inflammatory
disease from luminal narrowing without proximal dila-
tion [9]. Imaging characteristics predictive of treatment
response have included severe TI disease, creeping fat,
lower MaRIA score, and lower bowel wall thickness [22].
Our study supported these findings of bowel wall thick-
ness associated with improved outcomes. Other quantita-
tive measures of minimum and maximum lumen diameter
have been studied as well. Debnath et al. performed a ret-
rospective study in CD evaluating cross-sectional imaging
predictive of surgery and found that ileal lumen max/min
ratio and simplified MaRIA were associated with the need
for surgery [23]. Orscheln et al. found penetrating disease
was associated with small lumen diameter and/or stricture
[24]. We showed comparable findings with imaging nor-
malization (i.e., transmural healing) associated with larger
minimal lumen diameter and trending towards significance
for the lower max/min ratio. A larger prospective imag-
ing study could help further elucidate the utility of these
quantitative measures in the pediatric population.

Bowel segments affected by luminal narrowing and
stricturing can have both inflammatory and fibrotic
components as well as substantial smooth muscle pro-
liferation, which may explain the varied response to anti-
inflammatory medications [7]. Changes in gene expres-
sion towards pro-fibrotic signatures at diagnosis have
been associated with luminal narrowing on imaging,
which suggests luminal narrowing may be a surrogate
to represent early gene expression shifts [10, 25]. While
medical therapies, such as anti-TNF-a biologics, can
reduce inflammation, they are not targeted at reducing
fibrostenosis that can develop over time, causing bowel
wall thickening and strictures. A lower risk of stricture
complications has been reported with early anti-TNF-a
exposure [26]. In our study, imaging responders (radio-
logic transmural healing) had increased early anti-TNF-a
exposure, but this was not statistically significant; this
may be because a longer duration of therapeutic biologic
drug exposure may be necessary to achieve this goal, but
is not feasible in an observational study.

The strengths of this study include the use of a large
sub-cohort of the RISK study, assessment of the recently
described AGA-SAR categorization system, and the use
of both clinical and transmural healing as endpoints. Also,
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this study included quantitative measurements of the TI to
correlate with key outcomes. Limitations include the lack
of systematic follow-up imaging at regular intervals and
the heterogeneous nature of clinical CT and MRI. Unlike
a randomized controlled trial, the RISK cohort study was
an observational study, and, thus, there were no systematic
treatment protocols and therapeutic drug monitoring (i.e.,
patients were managed based on institutional standard of
care practices), making it difficult to assess the impact of
medical therapies on the outcomes. Future studies where
therapy protocols are regimented with regular imaging
could further evaluate this question.

In conclusion, TI qualitative and quantitative measure-
ments from baseline cross-sectional CT and MRI small
bowel imaging are associated with imaging normaliza-
tion at follow-up in pediatric CD. Qualitative categoriza-
tion based on the AGA-SAR guidelines was the strongest
predictor of imaging response, and multiple quantitative
measurements were predictors of imaging normalization
in this study. There were no associations between baseline
imaging features and clinical response. Findings of lumi-
nal narrowing may become modifiable therapeutic targets
for both current anti-inflammatory medications as well
as future clinical trials for anti-fibrotic therapies. Future
prospective studies are needed to further understand how
baseline imaging can be used to direct individual patient
care and ultimately improve clinical outcomes.
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