Crohn Disease Strictures: Multimodality Imaging
to Identify Imaging Biomarkers
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The morphologic imaging features of Crohn disease (CD) small bowel strictures have been defined by intersociety recommen-
dations and expert panels. CD small bowel strictures result in penetrating and obstructing complications that often lead to sur-
gery. Imaging biomarkers in fibrostenosing CD can be used to reproducibly diagnose and measure strictures and identify those
at high risk for subsequent surgery. Emerging biomarkers seek to accurately and reproducibly identify and measure histopatho-
logic correlates of fibrosis, inflammation, and smooth muscle hyperplasia or hypertrophy, as well as to reflect biomechanical
properties such as stiffness. The authors review and define imaging features of small bowel strictures using routine MR and CT
enterography, which should be incorporated into clinical reports to guide management decisions or to use in clinical trials. The
most promising quantitative imaging biomarkers reflecting histopathologic composition of small bowel strictures are reviewed

with a focus on MRI and US methods. Imaging is a critical tool for the management of patients with stricturing CD.
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Introduction
Crohn disease (CD) is a transmural inflammatory bowel dis-
ease that can affect any location in the gastrointestinal tract.
CD-related strictures are a particularly important complication
of small bowel CD because their obstructive, penetrating, and
other complications result in emergency room visits, hospital-
izations, endoscopic intervention, surgery, cumulative bowel
damage, and disability (1-3). Approximately 40% of patients
with CD will develop strictures, and 80% ultimately will require

surgery (4). Reports indicate that11% of patients diagnosed with
CD had bowel strictures at the time of their initial diagnosis (5).

Imaging plays a critical role in the diagnosis, assess-
ment, and monitoring of CD strictures. Strictures them-
selves often preclude endoscopic intubation and assess-
ment of proximal inflammation, luminal narrowing, and
proximal strictures, and endoscopic sampling can reach
only the superficial bowel layers. Imaging, predominantly
CT enterography (CTE) and MR enterography (MRE), but
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Abbreviations: CD = Crohn disease, CONSTRICT = CrOhN’s disease antifibrot-
ic STRICTure Therapies, CTE = CT enterography, DWI = diffusion-weighted
imaging, FAPI = fibroblast activation protein inhibitor, MaRIA = Magnetic Res-
onance Index of Activity Score, MRE = MR enterography, MT = magnetization
transfer, SAR/AGA/SPR = Society of Abdominal Radiology, the American Gas-
troenterological Association, and the Society for Pediatric Radiology, STAR =
Stenosis Therapy and Anti-Fibrotic Research Consortium.

TEACHING POINTS

B Multiple longitudinal retrospective studies have shown that maximum
associated small bowel dilation, stricture length, and the development
of new strictures are significantly associated with subsequent surgery in
patients with fibrostenosing CD.

B Asingle stricture can be a single bowel segment with continuous lumi-
nal narrowing and bowel wall thickening, multiple narrowed segments
connected by imaging findings of inflammation (eg, mesenteric border
inflammation), or multiple narrowed segments separated by 3 cm or
less.

B The histologic composition of strictures in CD tends to vary and encom-
passes differing combinations of inflammation, fibrosis, neuronal hy-
perplasia, and smooth muscle hyperplasia and hypertrophy.

B Multiple studies with well-defined histopathologic reference standards
have demonstrated that MT-MRI using normalized MT ratios may dis-
tinguish nonfibrotic and mildly fibrotic strictures from strictures with
greater degrees of fibrosis.

B Gallium-68 FAPI PET targets fibroblast activation protein, which acts as
a biomarker for activated fibroblasts. Fibrostenotic lesions in CD have
an increased fibroblast activation protein expression in intestinal myo-
fibroblasts within the submucosa and smooth muscle layers.

also intestinal US, provide visualization of the perienteric
mesentery, bowel wall deep to the mucosa, and penetrating
and vascular complications.

Recent interdisciplinary consensus, including recom-
mendations from the Society of Abdominal Radiology, the
American Gastroenterological Association, and the Society
for Pediatric Radiology (SAR/AGA/SPR) and an interdisciplin-
ary expert panel, the CrOhN’s disease antifibrotic STRICTure
Therapies (CONSTRICT) group, has defined imaging features
of CD small bowel strictures (6,7). Key features of both defi-
nitions include luminal narrowing, small bowel wall thick-
ening, and associated proximal small bowel dilation of 3 cm
or more (Fig 1). The consensus in terminology and identifi-
cation of key diagnostic features has facilitated the use of im-
aging to more reliably identify and describe CD small bowel
strictures in clinical practice (8,9). The Stenosis Therapy and
Anti-Fibrotic Research (STAR) Consortium was established
to provide clinical trial endpoints, including imaging, histo-
pathologic analysis, and a patient reporting outcome tool, to
facilitate the development and regulatory approval of drugs
for fibrostenosing CD (10). Early prospective studies of these
agents are underway now (11). Given these clinical and re-
search advances in fibrostenosing CD, renewed attention is
turning to imaging biomarkers for small bowel strictures (12).
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Biomarkers describe characteristics that can be objective-
ly, accurately, and reproducibly measured (quantitatively) or
identified (qualitatively) and used as an indicator of normal
biologic processes, disease processes, or response to pharma-
cologic therapies (13,14). Biomarkers in fibrostenosing CD can
be classified in several ways. Existing biomarkers contribute
to current clinical management and include diagnostic bio-
markers and predictive (prognostic) biomarkers. Quantitative
imaging biomarkers also can be categorized according to the
histologic processes they reflect and the imaging modality
used. This review aims to underscore the established CD bio-
markers for clinical use and to critically evaluate promising
biomarkers with potential for future application in clinical
practice and clinical trials.

Existing CD Stricture Biomarkers
Current diagnostic and prognostic biomarkers of CD stric-
tures are used in daily clinical practice and generally describe
the morphology and inflammation associated with CD small
bowel strictures.

Diagnostic Biomarkers

Diagnostic biomarkers establish or confirm stricture diagno-
sisand may be used to select a patient population for emerging
clinical trials that examine the therapeutic efficacy of antifi-
brotic agents. Both the intersociety SAR/AGA/SPR consensus
recommendations and CONSTRICT criteria are used to diag-
nose CD small bowel strictures at CTE or MRE in clinical and
research settings, and both currently require luminal nar-
rowing, bowel wall thickening, and an associated small bowel
dilation threshold of at least 3 cm (Fig 1, Table 1). Important
differences between criteria highlight the weaknesses of each
definition. The SAR/AGA/SPR consensus recommendations
do not consider endoscopic findings (eg, inability of an endo-
scope to traverse a stricture). The CONSTRICT group criteria
do not address persistent regions of small bowel luminal nar-
rowing and wall thickening that show luminal dilation below
the threshold 3-cm criteria, even when segmental narrowing
and wall thickening are persistent on multiple examinations
or timepoints (termed probable strictures in the SAR/AGA/SPR
recommendations). Persistent luminal narrowing on CTE or
MRE images is the most sensitive imaging marker for stric-
tures (15). It is anticipated that, over time, these discrepancies
will be resolved, with these definitions incorporating both
cross-sectional imaging and endoscopic criteria. The thresh-
old for maximum associated small bowel dilation may be
reduced if reliability is preserved, and lower thresholds still
identify patients with stricture-related complications. In clin-
ical trials of antifibrotic agents, these imaging criteria are, or
will be, combined with other requirements, such as presence
of patient symptoms, absence of penetrating complications,
and location of strictures at specific locations (eg, within 15 cm
of the ileocecal valve or anastomosis), which can be verified or
interrogated with endoscopic examination.

Prognostic Biomarkers
Prognostic biomarkers predict the likelihood of a clinical event,

such as surgical resection or strictureplasty, disease recurrence
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Bowel wall thickening
(>25% compared to normal bowel
or = 4 mm)

Figure 1. Strictures, by definition, require bowel luminal narrowing, bowel wall thickening, and maximum asso-
ciated small bowel dilation of 3 cm or greater using either SAR/AGA/SPR or CONSTRICT criteria. CONSTRICT criteria

additionally require the metrics listed in parentheses.

Table 1: SAR/AGA/SPR and CONSTRICT Imaging Criteria for CD
Small Bowel Strictures

Group Name Definition

SAR/AGA/SPR  Luminal narrowing in area of CD with un-
equivocal upstream dilation of >3 cm

Probable stricture: multiple pulse sequences,
fluoroscopic observation, or serial imaging
demonstrates fixed narrowing without
unequivocal upstream dilation*

Bowel wall thickening (225% increase in wall
thickness)

Localized luminal narrowing (luminal diam-
eter reduction of 250%)

Prestricture dilation (>3 cm)

OR

Inability to pass an adult or pediatric
colonoscope (any size patient)’

* Unique only to the SAR/AGA/SPR definition.
TUnique only to the CONSTRICT definition.

CONSTRICT

(eg, stricture recurrence), or progression in patients diagnosed
with the disease (eg, development of penetrating complica-
tions, bowel obstruction requiring hospitalization) (14). Mul-
tiple longitudinal retrospective studies have shown that maxi-
mum associated small bowel dilation, stricture length, and the
development of new strictures are significantly associated with
subsequent surgery in patients with fibrostenosing CD (1,3,16—
22). Table 2 summarizes imaging features that have been found
to be associated with surgery and near-term surgery (ie, with-
in 2 years). The primary contributions of CTE in terms of bio-
markers are the prognostic morphologic assessments of stric-
ture length, associated small bowel dilation, and identification
of chronic mesenteric vein thrombosis and new strictures. The
authors are not aware of other CTE biomarkers identified by
multiple institutions in various CD populations. Nevertheless,
these imaging features, which also can be identified at MRE
and sometimes US, are strong predictors of subsequent sur-
gery. In one meta-analysis of over 600 patients with strictures
who underwent endoscopic dilation, a stricture length of 5 cm
or less was associated with a surgery-free outcome, but every
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1-cm increase of stricture length increased the hazard of need
for surgery by 8% (hazard ratio, 1.04 [95% CI:1.01,1.07]) (18).

Identifying, Measuring, and Reporting Using
Biomarkers
There are practical obstacles to implementing current diag-
nostic and prognostic biomarkers into clinical practice—prin-
cipally, the lack of guidance in how key imaging features of
strictures like stricture length and proximal (or maximal as-
sociated) small bowel dilation should be measured, and the
way in which other key imaging features can be described.
The STAR consortium recently systematically established
imaging definitions and conventions, which were used by
three panels of radiologists in evaluating two populations of
symptomatic CD patients with MRE and a third population
with CTE (23,24). Symptomatic patients had a terminal ileal
stricture at CTE or MRE using CONSTRICT criteria and had
no penetrating complications other than a blind-ending si-
nus tract. According to these authors, a single stricture can be
a single bowel segment with continuous luminal narrowing
and bowel wall thickening, multiple narrowed segments con-
nected by imaging findings of inflammation (eg, mesenteric
border inflammation), or multiple narrowed segments sepa-
rated by 3 cm or less (Fig 2). Their rationale for this decision
reflects the amount of bowel at risk for surgical resection in
the setting of fibrostenosing CD because bowel segments with
multiple areas of luminal narrowing adjacent to each other or
connected by inflammation would be included in a single re-
section. Maximum associated small bowel dilation was mea-
sured orthogonal to the luminal axis of the bowel either prox-
imal to or within a stricture by using the maximum dilation
in any plane, including when the dilated bowel loop is oval
and not round (Fig 3). Measurements were taken from the
mid-bowel wall to the opposite mid-bowel wall. Using these
methods, the interrater intraclass correlation coefficient for
stricture length was 0.85-0.91 using MRE, and 0.64 at CTE.
Similarly, the interrater intraclass correlation coefficient for
maximum associated small bowel dilation was 0.73-0.74 at
MRE and 0.80 at CTE. Table 3 lists these and other selected
imaging features at MRE and CTE that demonstrated at least
moderate reliability, which likely have clinical utility, along
with the STAR operational definitions. Unlike prior studies
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Table 2: Studies Highlighting the Imaging Features of Small
Bowel CD Strictures Associated with Surgery and Near-Term
Surgery

Feature Reference Number(s)
Stricture length 1,3,18,19, 21
Maximum small bowel dilation 19-21
Penetrating complications 3,19,20

New strictures at subsequent imaging 3

Luminal narrowing 17

Ratio of dilation to narrowing 16
Simplified MaRIA Score* 16,17
Chronic mesenteric vein thrombosis 221

Note.—Except for the Simplified Magnetic Resonance Index of
Activity (MaRIA) Score, these imaging features can be identi-
fied at both CTE and MRE.

* The Simplified MaRIA Score requires evaluation of the
following: small bowel wall thickening greater than 3 mm,
intramural edema, fat stranding, and luminal ulcerations.

* Cohort study that demonstrated that chronic mesenteric vein
thrombosis is associated with subsequent stricture devel-
opment and surgery, so the time interval to development of
stricture and surgery is not within the 2-year time frame.

describing active inflammatory small bowel inflammation,
luminal ulcerations in small bowel strictures were detected
with only moderate reproducibility at CTE but not detected
reliably at MRE (23,24).

Strengths, Weaknesses, and Use of Biomarkers
Although there are limited reproducibility data on using the
formalized intersociety SAR/AGA/SPR or CONSTRICT defini-
tions for a CD small bowel stricture and differences between
CTE and MRE, these conventions are used routinely now in
clinical practice and research. Given what is known about the
weaknesses of using a specified threshold for small bowel
dilation, it makes sense to implement the intersociety SAR/
AGA/SPR definition of a probable stricture when persistent
luminal narrowing is seen with multiple MRE sequences or
across imaging timepoints, especially if associated with dila-
tion of small bowel loops. Certainly, the CONSTRICT criteria
use of endoscopic information can be incorporated readily
into reports by simply correlating imaging findings with en-
doscopic findings (eg, “the terminal ileal stricture, which pro-
hibited endoscopic passage...”).

Prior intersociety SAR/AGA/SPR recommendations for
interpretation of CTE and MRE images have specified that
when a small bowel stricture is present, radiologists should
mention not only stricture location (including proximity to
any enteric anastomosis) and the presence of any penetrat-
ing complications but also stricture length, associated bowel
dilation, and imaging findings of inflammation. Radiology
practices should consider implementing the operational-
ized STAR definitions for how to reproducibly describe these
parameters. The requirement for reproducibility simplifies
what is reported for specific features (eg, restricted diffu-
sion is present or absent, not the pattern within the bowel
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wall). Because the STAR definition incorporates strictures
with multiple regions of luminal narrowing, it reduces the
number of strictures that need to be described. In the STAR
experience, over 95% of patients had only a single stricture
that extended to within 15 cm of the ileocecal valve or ile-
ocolonic anastomosis. Table 4 summarizes these practical
recommendations for incorporation of diagnostic and prog-
nostic biomarkers into clinical imaging practice.

In the future, multiple imaging features may be com-
bined to form a single stricture score, which could be repro-
ducible, as well as responsive to change for novel and effi-
cacious CD stricture therapies (eg, similar to the Magnetic
Resonance Index of Activity [MaRIA] or London Score for
CD-related active small bowel inflammation) (25). Inflam-
mation severity scores at MRE generally have been incor-
porated into research studies but not into clinical practice.
However, they do identify the imaging features, which ra-
diologists reproducibly identify, and this information can be
used by radiologists and societies in deciding which imaging
findings to report. In the future, the development of semiau-
tomated tools is anticipated, in clinical trials and hopefully
in clinical practice. This will reduce interobserver variability
in identifying and measuring small bowel strictures.

Histopathologic and Physiologic Targets for
Imaging Biomarkers

CDis a chronic inflammatory disorder characterized by a pat-
tern of relapsing inflammation, with tissue damage initiating
tissue reparative responses that overwhelm normal regulato-
ry mechanisms. This disruption of normal regulatory mech-
anisms leads to a cascade of events that results in increased
collagen-rich extracellular matrix, smooth muscle hypertro-
phy and hyperplasia, and ultimately, fibrosis.

The histologic composition of strictures in CD tends to vary
and encompasses differing combinations of inflammation, fi-
brosis, neuronal hyperplasia, and smooth muscle hyperpla-
sia and hypertrophy (Fig 4). Smooth muscle hyperplasia gen-
erally refers to smooth muscle in the muscularis mucosa or
submucosa, and smooth muscle hypertrophy refers to marked
thickening of the muscularis propria layer in the bowel wall
(26). These factors lead to the pathologic thickening of all lay-
ers of the bowel wall, luminal narrowing, and ultimately, ob-
struction (27).

Accurate assessment of the burden of fibrosis, inflamma-
tion, smooth muscle hypertrophy and hyperplasia, and oth-
er components within small bowel strictures is crucial to the
development of new therapies and likely beneficial for pa-
tient management. Because no standardized histopathologic
method to describe Crohn strictures has been validated for
use in clinical practice or trials (28,29), biomarker studies re-
flecting histopathologic targets use different grading schemes
and quantitation methods to demonstrate the relationship of
imaging features to fibrosis, muscular hypertrophy and hy-
perplasia, and stiffness.

Fibrosis
Fibrosis is characterized by the excessive production of ex-
tracellular matrix, including collagen, and triggered by the
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Figure2. STAR Consortium definition of a single stricture. (A) Coronal MR image and illustration show a single bowel segment with
continuous luminal narrowing and bowel wall thickening (arrows). (B) Coronal MR image and illustration show multiple narrowed
segments linked by imaging findings of inflammation, such as mesenteric border inflammation (arrows). (C) Coronal MR image and
illustration show multiple narrowed segments (arrows) separated by 3 cm or less.

Figure3. Measurement of maximum associated small bowel
dilation. Coronal MR image and illustration show that maximum
dilation is measured perpendicular to the center line or axis of the
small bowel, from the midpoint of one bowel wall to the midpoint
of the opposite bowel wall (as shown). Some strictures may exhibit
multiple areas of severe narrowing within the stricture itself.
Therefore, the maximum associated small bowel dilation might be
found within the stricture (yellow double-headed arrows) rather
than proximal to it (green double-headed arrows). In such cases, the
larger dilation should be measured.

Volume 45 Number 11

release of cytokines, growth factors, and other inflamma-
tory products, which activate, proliferate, and differentiate
cells involved in synthesizing the extracellular matrix. My-
ofibroblasts play a central role in this process, and various
cell types, including epithelial, endothelial, stellate cells, fi-
broblasts, and bone marrow stem cells can differentiate into
myofibroblasts, which contributes to the overproduction of
extracellular matrix (30,31). In patients with CD, these factors
and mechanisms ultimately lead to the pathologic thickening
of all layers of the intestinal wall, from the mucosa and mus-
cularis mucosa to the muscularis propria (27). Fibrosis can
be described by the depth and location of fibrosis within the
bowel wall (32).

Muscle Hypertrophy and Hyperplasia

Strictures in many patients with CD primarily result from
smooth muscle hyperplasia in the submucosa and hyper-
trophy of the muscularis propria rather than fibrosis (26,33).
Using quantitative histopathologic measurements of smooth
muscle and collagen, Wagner et al (34) demonstrated that
bowel wall thickness, MaRIA and Clermont scores, and fis-
tulas were associated with ileal segments in which smooth
muscle hypertrophy was predominant over fibrosis.

Stiffness

Chronic inflammation, increased smooth muscle hypertro-
phy and hyperplasia, and fibrosis are primary factors influ-
encing mechanical remodeling induced by injuries to the
bowel wall. Muscular hyperplasia, hypertrophy, and fibrosis
increase the bowel wall stiffness with subsequent decreased
reduced deformability and motility (35-38). Moreover, the
biomechanical characteristics of the cellular environment
significantly impact fibroblast behavior. For example, aug-
mented rigidity prompts fibroblasts within the human colon
to adopt a fibrogenic phenotype. These characteristics may
perpetuate intestinal fibrosis independent of inflammation,

radiographics.rsna.org
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Table 3: Imaging Features That Demonstrated at Least Moderate Reliability in Studies by the STAR Consortium

Imaging Feature Interrater ICC STAR Definition
Measurement
Stricture length MRE: 0.85,0.91  Single stricture defined as a single segment with continuous luminal nar-
CTE: 0.64 rowing and bowel wall thickening, multiple areas of luminal narrowing
connected by active inflammation, or multiple areas with luminal nar-
rowing <3 cm apart; measured from the most proximal to the most distal
region of luminal narrowing
Maximal associated small bowel MRE: 0.74,0.73  Maximum diameter of small bowel proximal to or within a stricture with mul-
dilation CTE: 0.80 tiple areas of luminal narrowing; measured orthogonal to the luminal axis
Maximal stricture wall thickness MRE: 0.58,0.57  Select thickest region; report average of three measurements (in mm)
within stricture CTE: 0.50
Observation
Mural hyperenhancement MRE: 0.44 Rated as mild (greater than normal bowel), moderate (less than vascular
CTE: 0.46 structures), or severe (approaches vascular structures)
Sacculation along the antimesenteric MRE: 0.46 Rated as present or absent
border CTE: 0.56
MRE only: restricted diffusion 0.48,0.48 Rated as present or absent; pattern of signal within bowel wall (eg, stratified)
is not described
MRE only: intramural T2 signal in- 0.40 Rated as absent (similar to normal bowel), mild (minor increase; dark gray
tensity on fat-suppressed images similar to skeletal muscle), moderate (light gray similar to liver or spleen),
or severe (nearly similar to luminal content)
MRE only: pattern of enhancement 0.48,0.44 Rated as homogeneous or not homogeneous (ie, layered)
on delayed 7-min images
CTE only: ulceration 0.43 Focal depression or irregularity in inner surface of thickened intestinal wall;
linear enhancing tracts within bowel wall should be considered fissures
(linear ulcers); measured as absent or present
CTE only: perienteric fat stranding 0.51 Loss of normal sharp interface between bowel wall and mesentery, with

edema and/or fluid and/or enhancement in perienteric fat; measured as
absent or present

Sources.—References 23, 24.

Note.—Two interrater intraclass correlation coefficients (ICCs) are reported for MRE imaging features to reflect values reported in two
populations and radiologist reader panels. Moderate reliability is defined as ICC greater than 0.41.

Table 4: Imaging Features of Biomarkers to Incorporate into Clinical Reports

Biomarker

Rationale

Stricture length
New penetrating complications

mation*

New strictures (on serial imaging examinations)
Imaging findings reflecting more severe inflam-

Stricture associated with enteric anastomosis

Maximum associated small bowel dilation

Longer lengths increase risk of surgery; lengths <5 cm can be endoscopically dilated

Associated with increased surgical risk within 2 years; treatment with biologic and
antibiotic therapy can heal enteroenteric fistulas in some patients

Associated with increased surgical risk within 2 years
Reflects increased enteric inflammation, which may be treated to decrease obstruc-

tive symptoms

Potentially associated with increased surgical risk; potential for superimposed

ischemia

Reproducible, but not always associated with near-term surgery; decrease may

reflect response with therapy

* Severe inflammation is reflected by diffusion restriction, mural ulcerations, mural edema on T2-weighted images, increased wall thick-
ness, increased Doppler US signal or increased flow with microvessel imaging with US.

which contributes to the intractable nature of CD-associated
fibrosis (38). The role of fat-wrapping and cumulative bow-
el damage in stiffness is in the early stages of investigation

Quantitative Modality-based Imaging
Biomarkers

Quantitative biomarkers in CD strictures generally reflect un-

(33,39). derlying histopathologic processes or targets, such as fibrosis
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Figure 4. Manifestation of CD strictures in different patients. (A) Photograph of the gross specimen shows the
submucosa (black *) and the dual layers of the muscularis propria (orange arrows) within the cecum. Converse-
ly, in the terminal ileum (T/), the submucosa (white *) appears considerably thickened and is situated between
the lumen (white arrows) and the muscularis propria. (B, C) Photomicrographs in a different patient show wall
thickening attributed predominantly to submucosal fibrosis (arrow) (B). (Hematoxylin-eosin [H-E] stain; original
maghnification, x4.) This is indicated by the royal blue collagen staining with the trichrome stain (C). (Masson
trichrome stain; original magnification, x4.) (D, E) In another patient, photomicrograph (D) shows that the wall
thickening primarily results from submucosal muscular hyperplasia (arrow in D). (H-E stain; original magnifi-
cation, x4.) The submucosal muscular hyperplasia (arrow in E) is highlighted by the pale gray-red hue with the
trichrome stain (E). (Masson trichrome stain; original magnification, x4.)

Volume 45 Number 11 7 radiographics.rsna.org
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or fibroblasts, or physical properties of the bowel wall, such as
stiffness or motility.

MRI Biomarkers

Quantitative biomarkers for CD strictures have been devel-
oped and are in various stages of validation. However, none
have been incorporated into routine clinical practice, at
present.

MRI-Magnetization Transfer.—Pools of hydrogen nuclei
that contribute to generating the MR signal consist of a free
pool, encompassing free water, and a bound pool, compris-
ing bound water and macromolecules. Protons located deep
in the macromolecules and those tightly bound have limited
mobility, which leads to rapid signal decay. In magnetization
transfer (MT) MRI, by using a specific radiofrequency pulse
(MT-pulse), energy is injected into the macromolecular pool
and is then transferred to the free pool, a process called mag-
netization transfer. The MT-pulse saturates macromolecular
protons, and because of the interaction between pools, pro-
tons in the free water pool become indirectly saturated, as
well (Fig 5).

In response to subsequent routine radiofrequency pulses
and gradients, voxels containing both pools show signal in-
tensity loss (40). MR images with the MT-pulse show signal
loss within a stricture in which water molecules are bound by
macromolecules. MR images without the MT-pulse show iso-
intense signal within a stricture. The resulting signal differ-
ence reflects the magnitude of the MT effect (Fig 6).

Tissue macromolecules such as collagen, larger extracellu-
lar matrix proteins, actin, and myosin enhance the MT effect.
This phenomenon is present in bowel segments containing
increased smooth muscle and fibrosis. Biomarker studies
examining MT-MRI often use the comparison of changes in
bowel wall signal intensity to that of skeletal muscle for nor-
malization.

Multiple studies with well-defined histopathologic refer-
ence standards have demonstrated that MT-MRI using nor-
malized MT ratios may distinguish nonfibrotic and mildly
fibrotic strictures from strictures with greater degrees of fi-
brosis (32,41). Another recent study has shown that MT ratio
is associated with the need for surgical intervention in stric-
turing and penetrating ileal CD (17).

MRI Delayed Gadolinium Enhancement.—Rimola et al (42)
found significant positive correlation between the presence
of fibrosis in resected CD small bowel strictures and both de-
layed contrast medium enhancement (at 7 minutes) and the
percentage of gadolinium enhancement from 70 seconds to 7
minutes at MRE. Additionally, they discovered that a homoge-
neous pattern observed during the delayed phase frequently
is associated with more advanced stages of fibrosis. This de-
lay in the diffusion of intravenous contrast material into the
extravascular space is attributed to the deposition of fibrosis
(42). Unfortunately, these findings have not been reproduced
in larger studies (43,44).

Multiple studies, including that by Rimola et al (42), have
shown that the majority of small bowel strictures have both
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Figure 5. lIllustration of MT-MRI. Hydrogen nuclei contributing

to the MR signal include a free pool (free water) and a bound pool
(bound water and macromolecule). In MT-MRI, the MT-pulse targets
the bound pool and injects energy that subsequently transfers to the
free pool. This pulse saturates the protons within the macromolecu-
lar pool and indirectly saturates those in the free water pool, as well.
Following this, routine radiofrequency pulses and gradients cause a
decrease in signal intensity in areas containing both pools. (Created
with BioRender.com.)

inflammation and fibrosis. Intramural edema on T2-weight-
ed images can be used to estimate inflammation along with
restricted diffusion, whereas delayed 7-minute postgadolini-
um-enhanced images can be used in conjunction with other
imaging findings in clinical practice (Figs 7, 8).

Qualitative and Quantitative Assessment of Diffusion-
weighted Imaging.—Diffusion-weighted imaging (DWI)
quantifies water protons movement within a voxel of tissue
and provides insights into tissue microstructure and cellu-
larity. Reduced tissue cellularity or disruption of cell mem-
branes facilitates water molecule mobility. The measured dif-
fusion within a volume is affected by the collective movement
of water protons across its various tissue compartments (ie,
intra- and extracellular).

DWI is a T2-weighted MRI sequence enhanced by a diffu-
sion sensitizing gradient. Water proton movement along the
gradient direction results in signal loss, whereas restricted
diffusion increases DWI signal. The apparent diffusion coef-
ficient quantifies this effect, which reflects the diffusion rate.
Although several studies have noted a negative correlation
between apparent diffusion coefficient values and fibrosis
(45-47), it does not adequately differentiate fibrosis from in-
flammation, especially as inflammation increases (45).

DWI captures water proton dynamics across various tis-
sue compartments and the microcirculation of blood, with
signal attenuation arising from both perfusion and diffu-
sion. This dual influence can be distinguished by using bi-
exponential modeling of DWI data, which distinguishes true
tissue diffusion from perfusion effects, particularly at high-
er b-values, and is known as intravoxel incoherent motion.
Intravoxel incoherent motion can differentiate between
diffusion and perfusion contributions and offers insights

radiographics.rsna.org
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Figure 6. CDin a29-year-old man who presented with ongoing postprandial symptoms of pain and abdominal
cramping and a normal colonoscopy result. (A) Axial single-shot fast spin-echo fat-saturated MR image shows a
stricture (arrows) with inflammation and intramural T2-weighted edema. (B) Corresponding axial two-dimensional
MT image with MT-pulse applied shows substantial loss of signal intensity in the stricture wall (arrows). Inset shows
the stricture without MT-pulse with high signal intensity in the stricture wall (arrows in inset). (C) Photomicrograph
of the histopathologic specimen shows submucosal fibrosis and smooth muscle hyperplasia (arrows) in a stricture
with inflammation and fibrosis. (H-E stain; original magnification, x2.) (D, E) US images show wall thickening on the
gray-scale image (D), with increased vascularity reflecting inflammation on the Doppler US image (inset in D), which
is more pronounced on the corresponding US microvessel image (E). (F) Shear-wave elastogram shows the involved

bowel segment.

into tissue characteristics and vascular behavior crucial for
clinical assessments. Biexponential modeling using various
b-values enables differentiation of these components and
allows for the derivation of intravoxel incoherent motion
parameters, including D (the true diffusion coefficient), PF
(the perfusion fraction), and D* (the pseudo-diffusion coef-
ficient) (Fig 9) (48).

Volume 45 Number 11

Intravoxel incoherent motion may help define the degree of
inflammation and fibrosis by measuring contributions of mi-
croperfusion. Zhang et al (49) found that fractional perfusion
(the percentage of voxel volume that contains capillaries) is
decreased in fibrotic segments and might be a good parameter
reflecting the severity of collagen deposition, but this work has
not been replicated by others.
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Figure 7.
fast spin-echo fat-saturated MRE image shows ileal luminal narrowing (arrow) with mild-to-moderate
intramural edema. (B) Coronal diffusion-weighted MRE image shows restricted diffusion along the inner
wall of the stricture (arrow). (C, D) Coronal contrast-enhanced fast spoiled gradient-echo fat-saturated
MRE images show a layered pattern of intramural enhancement at 70 seconds (C) and 7 minutes (D), as
well as enhancement gain, which is most characteristic of strictures (arrow) with high levels of inflam-
mation, as well as fibrosis.

Quantified Small Bowel Motility.—CD affects small bowel
motility (50), which leads to decreased peristalsis compared
with unaffected segments. Quantified small bowel motili-
ty with MRI is a reproducible parameter and can be mea-
sured from cine MR images (51). Menys et al (52) showed
that quantitative bowel motility negatively correlates with
histopathologic and imaging findings of inflammation.
Quantified intestinal motility MRI also can be used to reli-
ably predict anti-inflammatory treatment response (as early
as 12 weeks) using a continuous GIQuant (Motilent) score,
from O to 1000 (53,54). Small bowel motility is significantly
reduced within strictures and, to a lesser extent, the dilated
proximal small bowel, in comparison with normal-appear-
ing proximal loops without disease (Fig 10) (55). Although
quantified small bowel motility does not quantify fibrosis or
distinguish it from inflammation, changes in motility with-
in strictures may indicate progression or response to treat-
ment or underlying pathophysiologic condition (eg, fibrosis
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CD stricture with inflammation in a 32-year-old man. (A) Coronal T2-weighted single-shot

predominant). This technique can be applied to real-time
US as well.

T1 Mapping

The T1 relaxation time is the time constant for the net mag-
netization vector to return to its equilibrium state. A T1 map
quantifies the T1 relaxation time for each pixel in the image
(56). Currently, modified Look-Locker inversion recovery im-
aging is the most used sequence for T1 measurement. Chang-
es in tissue structure and composition cause variations in T1
values, which can be detected by T1 mapping.

The effectiveness of T1 mapping has been shown primarily
in cardiac and hepatic fibrosis (57,58). Intestinal T1 mapping
is being investigated as a biomarker for assessing intestinal
inflammation and fibrosis (Fig 11). In a pilot study, Dillman et
al (59) demonstrated that bowel wall T1 relaxation times are
significantly prolonged in patients newly diagnosed with CD
compared with healthy controls and can change in response
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Imaging patterns of a neoterminal ileum CD stricture in a 17-year-old male patient. (A) Coronal

T2-weighted single-shot fast spin-echo image shows a short terminal ileal stricture (arrows). (B) Coronal
diffusion-weighted image shows faint diffusion restriction (CD stricture; arrows). (C, D) Coronal postcontrast
MRE images show a layered enhancement pattern of the bowel wall at 70 seconds (CD stricture; arrow) (C),
which progressively becomes homogeneous at 7 minutes (CD stricture; arrow) (D). This likely indicates a
fibrotic component to the stricture. (E) Photomicrograph of the histologic section shows submucosal fibrosis

to medical therapy. A reduction in T1 relaxation times was ob-
served. There is limited data on T1 mapping in CD strictures,
and its ability to distinguish between inflammation and fibro-
sis is unknown.

Small Bowel US
US offers several advantages for frequent follow-up evalua-
tions in individuals with CD because it is readily available,
noninvasive, and does not require ionizing radiation. US-
based studies generally define a stricture when bowel wall
thickening exceeds 3 mm, the lumen is narrowed less than 1
cm, and there is upstream dilation greater than 2.5 cm (60).
However, many US studies do not require oral contrast ma-
terial or prestenotic dilation in the presence of bowel wall
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(arrows) of the involved segment. (Masson trichrome stain; original magnification, x2.)

thickening and fixed luminal narrowing (60,61). A recent
systematic review reported US sensitivity of 68%-100% and
specificity of 86%-100% in diagnosing small bowel stric-
tures, with oral contrast material further enhancing both
sensitivity and specificity (60).

Key markers of CD activity assessed using US include bowel
wall thickness, increased bowel wall vascularity, loss of bow-
el wall stratification, and mesenteric inflammatory fat (60).
Among these, increased bowel wall thickness is the most sen-
sitive sonographic marker for diagnosing inflammatory bowel
disease. Bowel wall thickness is measured across the five layers
of the bowel wall, with the outer muscularis propria and inner
muscularis mucosa being hypoechoic, and the submucosa be-
ing hyperechoic (Fig 12). Given the operator dependency of US,
reproducibility is crucial. Studies have shown good reproduc-
ibility for assessing bowel wall thickness (61,62).

US performance can be influenced by the location and com-
plexity of disease. For instance, transabdominal US assess-
ments may face limitations in examining pelvic loops because
of their deep location, but such challenges potentially can be
addressed using perineal or transvaginal US in women.

Inflammation increases angiogenesis in the bowel wall of
patients with CD, as shown on histologic and angiographic
examinations (64), yet many other studies suggest decreased

radiographics.rsna.org



November 2025 Hoodeshenas et al

At
2 IINIVIM
Fp | ‘\1\ M
e

S/8y

— b-value

b = 0 s/mm? ) = 5 s/imm? 3 b = 100 s/mm*” b=200s/mm” b=400s/mm* b=2800s/mm"

A IVIM model
" r2=0.99
0.8 D=9.466e.04
s D*=1.079¢.02
' §=0.20
"1 0.6 -
!
)
0.5
0.4
0.3 1 1 1 1 | | 1
0 100 300 300 400 500 600 700 800

D 1
K\ IVIM model
0.9 -
221,00
08 e D=1.103e-03

D*=1.976e-02
=0.14

0.3 ] 1 1 ] 1 l 1
100 300 300 400 500 600 700 800

b-value (s/mm?)

Figure9. Application of intravoxel incoherent motion (IVIM) imaging in a 17-year-old patient with newly diagnosed ileal CD. (A) Graph shows
two modeling approaches for analyzing DWI data acquired at multiple b values. The yellow dashed line represents a monoexponential model es-
timating apparent diffusion coefficient (ADC), whereas the orange line illustrates the IVIM model, which uses a biexponential function to account
for both diffusion and perfusion components. The IVIM analysis provides key parameters, including perfusion fraction (f), true diffusion coeffi-
cient (D), and pseudodiffusion coefficient (D*). Note that the IVIM effect is best observed at the low b values. (B) IVIM images were acquired at
multiple b values ranging from 0 to 800 sec/mm? (selected b values shown). Regions of interest were placed in the terminal ilium at the site of the
bowel wall thickening and luminal narrowing. (C, D) Signal intensity versus b-value plots from IVIM imaging at diagnosis (C) and 6 weeks after
initiation of biologic therapy (D). IVIM model shows that the perfusion fraction was low at baseline and minimally lower at follow-up, potentially
indicating that fibrosis was present before the start of therapy and did not change significantly. The diffusion coefficient, which tracks with ADC,
also increased with treatment. S/S = normalized signal intensity.
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Figure 10. Quantified small bowel motility in a patient with terminal ileal CD. Anatomic reference True-FISP
(fast imaging with steady-state precession; Siemens) MR images are on the left, with the corresponding color
motility maps at the same location on the right. The bottom row of images shows regions of interest (green
lines) drawn over three anatomic locations, as follows: over the terminal ileal stricture (a), over the uninvolved
ileum (b), and just proximal to the stricture segment (c). The motility scores, derived from the GIQuant system,
reveal a score of 32 at the stricture, in contrast to the uninvolved loop (score, 181), and just proximal to the
stricture (score 127).

vessel density in active CD. Consequently, qualitative and
quantitative evaluation of the bowel wall perfusion emerges
as a valuable metric. Assessment of macroscopic vessel densi-
ty using Doppler US in affected bowel segments has revealed
a significant relationship with disease activity (65) (Fig 12).
However, the ability to detect slow blood flow is limited using
conventional color and power Doppler US (66).

US microvessel imaging is an emerging technique distin-
guished for its high sensitivity to blood vessels (Fig 13). Ves-
sel-to-length ratio, calculated as the number of vessel pixels
seen in a bowel wall segment using US microvessel imaging
normalized to the segment length, can stage disease activity,
and Lok et al (67) have shown using detailed histopathologic
analysis of surgical specimens that US microvessel imaging
vessel-to-length ratio correlates with histologic inflammation
in Crohn strictures.

Elastography
Tissue stiffness as a biomarker for fibrosis can be quantified
by elastography techniques at MRI and US (Fig 12). Strain
and shear-wave US elastography investigations show widely
varying results for detecting predominantly fibrotic intesti-
nal segments (35,68). Shear-wave US elastography has shown
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better performance for evaluating intestinal stenosis using
endoscopic and histologic findings as reference standard.
However, standardized assessment criteria and thresholds
remain to be established (69).

MR elastography is used routinely to detect and monitor
liver fibrosis. Propagation of waves within hollow organs has
been challenging, but one group recently demonstrated in-
creased bowel stiffness with MR elastography compared with
a visual analog score using other pulse sequences (70).

Both US and MR elastography have demonstrated promise
in identifying increased stiffness of mesenteric fat (35,71).

PET/MR Enterography
PET/MRE is a hybrid imaging modality integrating molecular,
functional, and anatomic data from both PET and MRI mo-
dalities (72). The promise of PET/MRE for assessing CD-re-
lated strictures lies in its potential for improving the ability
to distinguish between inflammation and fibrosis. Catalano
et al (73) demonstrated that PET/MRE biomarkers combining
elements of both modalities showed significant differences
in 19 patients with small bowel strictures who underwent
subsequent surgical resection between predominantly fi-
brotic strictures, strictures with combined fibrosis and active
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Figure 11.

T1-mapping images of a CD stricture in the neoterminal ilium in a 41-year-old woman with an

ileosigmoid anastomosis. Axial T2-weighted MR images in the top row show a thickened bowel wall (arrows).
The bottom row contains corresponding axial parametric maps of the ileum produced from native T1 relax-
ometry (modified Look-Locker inversion recovery), with arrows pointing to the same stricture. The paramet-
ric maps are color coded according to T1 values of the tissue (inset, bottom left): yellow and orange represent
higher T1 values. Bowel wall T1 estimates are increased in patients with ileal CD compared with uninvolved
segments. In this case, endoscopic findings showed a short-segment stricture, which could be traversed with
a pediatric endoscope, and 5 cm of endoscopic inflammation proximally.

inflammation, and strictures with predominantly active in-
flammation, with overall accuracy of 0.71.

Fibroblast Activation Protein Inhibitor PET
Gallium-68 fibroblast activation protein inhibitor (FAPI)
PET targets fibroblast activation protein, which acts as a bio-
marker for activated fibroblasts (74). Fibrostenotic lesions in
CD have an increased fibroblast activation protein expres-
sion in intestinal myofibroblasts within the submucosa and
smooth muscle layers (75) (Fig 14). One investigation has
shown a significant positive correlation between increasing
maximum standardized uptake value and fibrosis at histo-
pathologic evaluation of strictures (76). Li et al (77) found that
fluorine-18 (*¥F)-F-FAPI PET/CT is equivalent to MT-MRI in
detecting intestinal fibrosis severity but more accurate than
BF-FDG PET/CT. Additionally, ®F-F-FAPI PET/CT outperforms
both in identifying early-stage intestinal fibrosis (77). These
studies suggest that FAPI PET may be useful in clinical trials
to quantify fibrotic burden before treatment with antifibrotic
agents. Further, FAPI PET potentially could identify intestinal
segments with early fibrosis, which do not yet demonstrate
typical imaging findings of a stricture at CTE or MRE.

Volume 45 Number 11

14

Conclusion
Recent consensus underscores the efficacy of diagnostic and
prognostic biomarkers derived from conventional MRE, CTE,
and intestinal US in both routine clinical settings and thera-
peutic trials. Despite the potential of numerous biomarkers
to reflect the pathophysiologic nuances of CD, their wide-
spread adoption is impeded by a lack of standardization,
reproducibility issues, and difficulty in distinguishing be-
tween inflammation, smooth muscle hypertrophy or hyper-
plasia, and fibrosis. Prognostic biomarkers reflecting Crohn
stricture morphology and detected or measured at CTE and
MRE can be incorporated into clinical practice. Meanwhile,
emerging research methodologies are in various stages of
development and validation, yet they signify promising ad-
vances in this field. As CD biomarkers are incorporated into
clinical practice and research studies, more lessons will be
learned relating to potential false positive measurements
and observations, potentially relating to interpretation (eg,
underestimating associated small bowel dilation by not
looking at all acquired MRI sequences) and quantitative pit-
falls of biomarkers (eg, a quantitative biomarker reflecting
overlap of muscular hypertrophy and fibrosis or collagen).
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Short-segment stricture with inflammation involving the neoterminal ileum in a 42-year-old

woman with prior ileocecal resection. (A) Axial contrast-enhanced CT image shows a 5-cm long stricture (ar-
row) with inflammation in the distal neoterminal ileum, which is characterized by 9-mm wall thickening, mural
enhancement, and luminal narrowing. (B) Longitudinal gray-scale US image shows bowel wall thickening with
mainly an expanding submucosal layer. (C, D) Additional longitudinal images with color Doppler US (C) and
shear-wave elastography (D) show enhanced vascularity (arrow in C) and increased stiffness of the involved

segment (arrow, inset in D), respectively.

Of particular importance is the development of accurate
and dependable biomarkers for intestinal strictures, which
are essential for identifying patients likely to respond to
antifibrotic therapies. These biomarkers will be vital for im-
proving the management of CD by enabling precise patient
stratification and rigorous monitoring in clinical trials of in-
novative antifibrotic drugs (78).
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Figure 13.
ileal CD. The top row shows a 32-year-old man with a vessel-to-length ratio (VLR) score of 0.36 based
on UMI. The middle row shows a 44-year-old woman with a VLR of 4.42. The bottom row shows a
27-year-old man with a VLR of 12.81. Histopathologic evaluation of the involved segments indicated
mild, moderate, and severe inflammation, respectively.
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