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ABSTRACT
Endoscopy remains the reference standard for the 
diagnosis and assessment of patients with inflammatory 
bowel disease (IBD), but it has several important 
limitations. Cross- sectional imaging techniques such as 
magnetic resonance enterography (MRE) and intestinal 
ultrasound (IUS) are better tolerated and safer. Moreover, 
they can examine the entire bowel, even in patients 
with stenoses and/or severe inflammation. A variety of 
cross- sectional imaging activity scores strongly correlate 
with endoscopic measures of mucosal inflammation in 
the colon and terminal ileum. Unlike endoscopy, cross- 
sectional techniques allow complete visualisation of the 
small- bowel and assess for extraintestinal disease, which 
occurs in nearly half of patients with IBD. Extramural 
findings may predict outcomes better than endoscopic 
mucosal assessment, so cross- sectional techniques might 
help identify more relevant therapeutic targets. Coupled 
with their high sensitivity, these advantages have made 
MRE and IUS the primary non- invasive options for 
diagnosing and monitoring Crohn’s disease; they are 
appropriate first- line investigations, and have become 
viable alternatives to colonoscopy. This review discusses 
cross- sectional imaging in IBD in current clinical practice 
as well as research lines that will define the future role of 
these techniques.

INTRODUCTION
Inflammatory bowel disease (IBD), including 
Crohn’s disease (CD) and ulcerative colitis (UC), is 
a chronic, progressive, life- long disease that often 
requires surgery and results in bowel damage and 
disability.1 2 In recent decades, the management of 
IBD has changed considerably. Treatment goals have 
shifted from controlling symptoms to achieving 
sustained deep remission. Accordingly, manage-
ment strategies have evolved toward early introduc-
tion of effective therapy with frequent assessments 
to monitor disease activity (tight- monitoring), and 
adjustment of therapy based on these assessments 
(treat- to- target strategy).3

Cross- sectional imaging techniques such as CT 
enterography (CTE), magnetic resonance enterog-
raphy (MRE) and intestinal ultrasound (IUS) 
provide complementary information in the diag-
nosis of IBD, in the assessment of its complications, 
and in monitoring disease activity and therapeutic 
response. Although endoscopic remission is the 
currently accepted treatment target,3 patients often 
prefer to forgo repeated endoscopic assessments 

of disease activity.4 Furthermore, endoscopy often 
cannot examine segments proximal to the terminal 
ileum necessary for the complete phenotyping and 
evaluation of the extent of CD.

Cross- sectional imaging is useful in assessing 
therapeutic response. Multiple features improve 
or normalise on successful treatment, and cross- 
sectional imaging findings have good overall 
correlation with endoscopic scores, suggesting that 
these techniques should be incorporated in tight- 
monitoring and treat- to- target strategies.5–7 Point- 
of- care IUS to monitor disease activity promises 
to enable earlier treatment optimisation. Long- 
term patient outcomes are better when transmural 
healing is achieved compared with endoscopic 
mucosal healing only, although inconsistencies 
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between cross- sectional and endoscopic assessment need to be 
clarified.8 9 While both approaches measure disease activity, 
cross- sectional techniques can also monitor disease progression, 
demonstrating the progression of cumulative bowel damage,10 11 
an important endpoint in disease modification trials. However, 
more prospective studies are needed to determine the best use of 
cross- sectional imaging techniques during treatment follow- up 
and how to optimise their role in conjunction with non- invasive 
biomarkers and/or endoscopy. This review, based on current 
recent evidence published in the literature (see online supple-
mental material), will discuss cross- sectional imaging in IBD 
in current clinical practice and priority research lines that will 
define the future role of cross- sectional imaging in IBD (table 1).

Reporting cross-sectional imaging assessments of activity 
and severity
Recent consensus guidelines provide detailed standardised 
nomenclature to increase reporting consistency for cross- 
sectional imaging at diagnosis, staging, activity assessment and 
evaluation of stricturing and penetrating complications.12 13

Because cross- sectional techniques assess the full thickness of 
the bowel wall and surrounding tissues, they can detect features 
not visible to endoscopy.14 Several imaging signs of activity have 
been validated against different reference standards, including 
biochemical markers, endoscopic scores and both mucosal and 
full thickness histopathology.13 15–17 Bowel- wall thickness (BWT) 
is probably the most robust parameter for determining disease 
activity, although nearly all pathological processes of the gut can 
cause thickening.12 18–20 A recent expert consensus proposed a 
threshold of BWT>3 mm for active IBD in both the ileum and 
colon.13 However, as both acute inflammatory and chronic 
fibrotic changes are nearly ubiquitous in CD- affected bowel, 
other activity parameters should also be assessed. In particular, 
neoangiogenesis and increased vascularisation contribute to 
chronic intestinal inflammation in CD and UC21–23 (figure 1). 
Several semi- quantitative colour Doppler IUS scores have 
been developed to assess vascularisation, although their use is 
mainly restricted to clinical trials. These scores correlate well 
with histological and endoscopic measures of inflammation.24–26 
Using ultrasound contrast agents may improve IUS’s correlation 
with endoscopic activity,27 but the technique is not yet stan-
dardised and its contribution to the categorisation of inflamma-
tion remains controversial.28 29 SICUS (small intestinal contrast 
enhanced ultrasound) using orally administered contrast medium 
has been suggested to improve distension and visualisation of 
the small- bowel. Even though SICUS has shown advantages in 

evaluating the small- bowel30 31 and to determine postoperative 
recurrence32 it is more time consuming and therefore not widely 
used. Recently, a transmural damage score called sonographic 
lesion index for Crohn's disease (SLIC) was developed for SICUS 
to monitor transmural bowel damage.33

On MRE, increased mural enhancement following intra-
venous gadolinium injection can be asymmetric, stratified or 
homogenous, and both subjective and quantitative assessments 
generally correlate modestly with inflammatory activity.12 13 Like 
BWT, however, increased enhancement is non- specific and can 
reflect mural fibrosis, for example.34 On IUS, mural oedema 

Table 1 Priority areas for future research

Topic of interest Comments

Multicentre validation of ultrasound disease activity scores and responsiveness Reproducibility of scoring criteria. Definitions and performance of treatment response.

Integration of cross- sectional imaging in tight monitoring of treatment response, 
and treat- to- target strategies

Optimised use of endoscopy, blood and stool markers, point- of- care ultrasound and 
magnetic resonance enterography (MRE) in treat to target strategies.

Utility of cross- sectional imaging in stricture diagnosis and treatment follow- up Optimised criteria to diagnose stricturing disease and best imaging parameters to monitor 
therapeutic response.

Development and validation of novel Imaging biomarkers for active and fibrotic 
disease

Development of novel cross- sectional imaging biomarkers of activity and fibrosis. 
Multicentre validation of ultrasound (and MRE) elastography, contrast enhanced ultrasound 
and bowel motility.

Cross- sectional imaging definition, and clinical utility of transmural healing as 
treatment target

Optimised and reproducible cross- sectional imaging definitions of transmural healing. 
Clinical impact of implementing transmural healing as a treatment target.

Utility of artificial intelligence in cross- sectional imaging Automated segmentation of diseased bowel and extraction of activity/ fibrosis scores.
Extraction of novel imaging biomarkers (eg, radiomics).
Artificial intelligence driven individualised patient monitoring strategies.

Figure 1 Small- bowel inflammation in Crohn’s disease detected 
using intestinal ultrasound. Diffusely increased bowel wall thickness 
(measured using the line that appears in the image, resulting in a 
distance of 5.3 mm) in the terminal ileum (arrow) is associated with 
partial loss of echostratification. The surrounding mesenteric fat 
appears (asterisk) is hyperechogenic due to perienteric inflammatory 
changes (A). Intestinal ultrasound in a different patient shows 
hypervascularisation of the small- bowel measured by colour Doppler 
(B). The wall of the terminal ileum is thickened and has a high colour 
Doppler signal that extends outside the bowel wall. These findings are 
consistent with active inflammatory small- bowel Crohn’s disease.
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may cause disruption of the bowel wall echostratification. 
On MRE, increased mural T2 signal, typically submucosal, is 
a highly specific sign of disease activity that generally suggests 
severe inflammation; at least in part, this finding likely reflects 
mural oedema.12 17 Similarly, increased T2 signal and stranding 
of the mesenteric fat due to transmural oedema and inflam-
mation are generally specific signs of activity in the context of 

diseased bowel in CD16 (figure 2). The term fibrofatty prolifer-
ation (or fat wrapping) describes hypertrophy and expansion of 
the mesenteric fat side, which produces a mass- effect on adja-
cent bowel loops. It is difficult to quantify mesenteric fat by 
IUS, so assessments are mostly limited to ‘present’ or ‘absent’. 
Another marker of disease activity, ulceration, is seen on MRE 
(provided adequate luminal distension is achieved) as thin high 
signal intensity lines within thickened bowel wall12 and on IUS 
as breaks in the mucosal layer.

In UC, the role of IUS is less defined, and until recently few 
studies had addressed its role in measuring disease activity.35–37 
However, growing evidence suggests that IUS could also be used 
to determine disease activity38 39 and to follow- up the trajec-
tory of patients with active UC.40 The most relevant measures 
of disease activity in UC include BWT and vascularisation on 
colour Doppler. Loss of haustration is less specific because it 
is associated with chronic changes and fibrosis as well as with 
endoscopic activity.39

Activity scores
Various MRE activity scores have been developed and vali-
dated (table 2).15 Despite differences in their details, the scores 
include similar components, and growing evidence supports 
their satisfactory inter- reader and intra- reader reproducibility, 
and high sensitivity and specificity for active disease against a 
range of reference standards (online supplemental table 1).41 
These scoring systems make the assessment of MRE findings 
more objective and systematic, increasing the usefulness of these 
techniques in therapeutic clinical trials for selecting patients 
and potentially as therapeutic endpoints.42 43 As scoring systems 
become simpler, they may also prove useful in routine clinical 
practice.44

The first and best validated is the Magnetic Resonance Index of 
Activity (MaRIA), calculated from four independent predictors 
of the presence of endoscopic inflammation (wall thickening, 

Figure 2 Small- bowel inflammation in Crohn’s disease detected using 
magnetic resonance enterography. Axial post- contrast fat- saturated 
T1- weighted images (A) show moderate bowel- wall thickening and 
hyperenhancement (arrow); compare with the normal thickness in the 
uninvolved segments (arrowhead). The same segment seen on axial fat- 
saturated T2- weighted images (B). Note the increased signal intensity 
within the wall due to oedema (arrows) and the thin perienteric rim, 
due to the presence of fluid around the ileum. In the proximal sections 
of the same segment (C), ulcerations are seen as small disruptions of 
the inner surface of the thickened bowel wall (arrowhead).

Table 2 Summary of magnetic resonance enterography activity scoring index

 
 

Scoring index Formula Strengths Limitations Further research questions

sMaRIA *(1 × WT>3 mm) + (1 × wall 
oedema) + (1 × fat stranding) + 
(2 × ulcers)

Can be applied to small- bowel and large- 
bowel segments, can grade by severity, good 
responsiveness to treatment change, quick to 
derive, does not require gadolinium.

Reproducibility needs evaluating. Reproducibility and specificity 
in multicentre and multireader 
settings with a range of reference 
standards.

London †1.79 + 1.34 × mural thickness + 
0.94 × mural T2 score

Quick to derive, does not require gadolinium, 
can assess treatment response.

Only applicable to small- bowel 
segments, does not allow grading by 
severity

Specificity in multicentre, 
multireader settings with a range 
of reference standards

‘Extended’ 
London

‡Mural thickness +mural T2 
score +perimural T2 
signal +contrast

Quick to derive, can assess treatment 
response.

Requires gadolinium, only applicable to 
small- bowel segments, does not allow 
grading by severity.

Ability to assess responsiveness to 
treatment; specificity in multicentre, 
multireader settings with a range 
of reference standards.

MaRIA §1.5 × WT + 0.02 × RCE + 5 × 
oedema + 10 × ulcer

Accurate for small and large- bowel segments, 
allows grading by severity, can assess 
treatment response, most investigated.

Time consuming to calculate, requires 
gadolinium.

Practicality in clinical practice.

Clermont −1.321 × ADC (mm2/s) + 1.646 
× WT + 8.306 × ulcers + 5.613 × 
oedema + 5.039

Accurate for small and large- bowel segments, 
allows grading by severity, can assess 
treatment response.

Time consuming to calculate, requires 
diffusion- weighted sequences.

Practicality in clinical practice.

*WT=Wall thickness >3 mm scores 1 point, presence of oedema scores 1 point, presence of fat stranding scores 1 point, presence of ulcers scores 2 points. Thus, the score for 
each segment ranges from 0 (completely normal) to 5 (markedly inflamed).
†Where mural thickness and mural T2 score are classified in four categories according to severity (0=absent, 1=mild, 2=moderate, 3=marked).
‡Where mural thickness, mural T2 score and contrast enhancement are classified in four categories according to severity (0=absent, 1=mild, 2=moderate, 3=marked).
§Where WT is measured in millimeters and RCE in arbitrary units, and evidence of oedema or ulcer is assigned a value of 1 if present and a value of 0 if absent.
ADC, apparent diffusion coefficients ; MaRIA, Magnetic Resonance Index of Activity; RCE, Relative Contrast Enhancement; sMaRIA, simplified MaRIA.
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mural contrast enhancement) and presence of endoscopic ulcer-
ations (mural oedema, and ulceration detected by MRE).17 45 For 
each individual intestinal segment, an MaRIA score ≥7 indicates 
active disease and those ≥11 indicate severe (ulcerative) disease. 
However, calculating the MaRIA score is time- consuming because 
it requires measurement of bowel wall signal intensity by manu-
ally placing multiple regions of interest in the bowel wall on pre 
and post contrast enhanced images; moreover normal segments 
contribute to the global MaRIA score (which is computed as 
the sum of each subscore obtained in each individual intestinal 
segment) and in patients with resected segments an underesti-
mation of the global score occurs.46 These drawbacks led to the 
development of the simplified MaRIA (sMaRIA), which requires 
much less time to calculate, and normal segments do not account 
in the global score. The sMaRIA has also been validated against 
endoscopic standards of reference (Crohn's disease endoscopic 
index of activity [CDEIS] and the simple endoscopic score for 
Crohn's disease (SES- CD)).47–49

The London and ‘extended’ scores were derived and validated 
using a histological standard of reference50 and were subse-
quently validated against the CDEIS.51 The components of the 
sMaRIA and extended London score are very similar; however, 
whereas the sMaRIA and London scores can be applied regard-
less of whether contrast material administration, the extended 
London score cannot. The Clermont score was derived from the 
MaRIA and uses the same descriptors, but it includes apparent 
diffusion coefficients (ADC) derived from diffusion- weighted 
imaging (DWI) (discussed in detail below) instead of contrast 
enhancement (table 2). Because of the need for relatively time- 
consuming region of interest placement, and because they offer 
more granularity, Clermont and MaRIA scores are usually 
employed in the setting of clinical trials of new therapeutics. Both 
the London (and extended London if intravenous gadolinium 

administered) and sMaRIA are relatively quick to calculate and 
although infrequently applied in routine clinical reporting, their 
constituent parameters are used as part of radiologists’ review of 
disease activity and treatment response.

Several IUS activity scores have been developed for CD and 
for UC (table 3). While few have been rigorously validated 
and methodological concerns remain,22 there is now growing 
consensus on the most appropriate parameters to include, and 
how these should be measured.20 52 Scores for UC have more 
recently been proposed, but most are yet to be validated.

There is a current need for multicentre studies to validate IUS 
scores against endoscopy and/or MRE, employing precise defi-
nitions of response and remission to assess the scores’ respon-
siveness. Akin to MRE activity scores, reliable, standardised IUS 
activity scores for CD and UC would be helpful in monitoring 
treatment outcomes in clinical practice and could also be applied 
as endpoints in clinical trials.

Using cross-sectional imaging to assess therapeutic response
The treatment paradigm in CD has shifted from targeting symp-
toms toward reducing inflammatory activity and achieving 
endoscopic healing (figure 3). This approach requires frequent 
monitoring of disease activity, to allow timely adjustment of 
therapy in the event endoscopic healing has not been achieved 
despite symptom improvement (treat- to- target strategy). 
However, endoscopy- based monitoring is limited by its invasive-
ness and poor patient tolerability; moreover, endoscopic assess-
ments of mucosal healing inadequately reflect transmural (eg, 
oedema) and perienteric changes or complications. In clinical 
practice, transmural response and remission are usually subjec-
tively assessed by the changes in parameters known to reflect 
activity such as BWT.13 In clinical research these endpoints are 

Table 3 Intestinal ultrasound scoring systems for disease activity in Crohn’s disease and ulcerative colitis

Scoring index Disease Formula Strengths Limitations Further research questions

Simple IUS score.
Novak et al103

CD (0.0563 × BWT1) + (2.0047 × BWT2) 
+ (3.0881 × BWT3) + (1.0204 × 
Doppler1) + (1.5460 × Doppler2)

Validated Ultrasonographers and 
endoscopists were not blinded.
Needs to be validated in external 
cohorts.

Future studies should use MRE as a 
reference.
Future research should focus 
on establishing scores that are 
validated against endoscopy and/
or MRE in multiple centres through 
central reading. Responsiveness 
should be assessed with clear 
definitions for response and 
remission.

Simple IUS score.
Saevik et al 2021104

CD BWT × 1.053 + (colour Doppler × 
1.934) + (fatty wrapping × 1.275) 
+(stratification × 1.225) + 0.242 or 
simply summarising the numerical 
values of the variables assessed

Validated.
Good inter- rater reliability.

Needs to be evaluated in 
external cohorts.
Sensitivity to change not 
assessed.

Bowel US Score (BUSS)
Allocca et al26

CD 0.75 × BWT + 1.65 × BWF; where 
BWF=1 if present, or BWF=0 if 
absent

Validated.
Correlates well with 
endoscopic activity
BUSS determined endoscopic 
response with high accuracy.

Small validation cohort.
Needs to be validated in external 
cohorts.

Milan US Criteria 
(MUC).
Allocca et al38 105

UC   1.4 × BWT + 2 × BWF Validated.
Accurate discrimination 
between active and non- 
active UC (MUC score >6.2).

Validity to assess treatment 
response has not been assessed.
Does not discriminate different 
degrees of inflammation.

Further investigation is needed to 
determine these criteria’s sensitivity 
to change and their validity to 
assess treatment response and 
outcomes in clinical practice as well 
as in clinical trials.

UC IUS Index.
Bots et al39

  UC Point- based index with four 
parameters graded on a 7- point 
scale: BWT, Doppler signal, abnormal 
haustration, fat wrapping.

Not validated.
Strong correlation with the 
Mayo endoscopic subscore 
(p=0.830; p<0.001).
Moderate- to- substantial inter- 
rater agreement.

The coefficient from the 
multivariable analysis have not 
been used for the score. Instead, 
an arbitrary grading system (a 
7- point scale) was used.
Needs to be validated in external 
cohorts.

Validity to assess treatment 
response needs to be assessed.
Assessment of rectum needs to be 
included.

BWF, bowel wall flow; BWT, bowel wall thickness; CD, Crohn’s disease; IUS, intestinal ultrasound; MRE, magnetic resonance enterography; UC, ulcerative colitis; US, ultrasound.
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usually quantified using activity scores. Recent consensus state-
ments12 13 classify therapeutic response according to observable 
changes in individual imaging features of disease activity (such 
as BWT, T2 signal) into four categories: transmural remission 
(normalisation of all features), response (unequivocal decrease 
in the severity or extent of imaging findings within an inflamed 
segment), stable (no clear change in severity or extent) or 
progression (worsening in parameters of inflammation and/or 
new disease sites, and/or development of CD- related complica-
tions). Furthermore, it is plausible that disease duration and accu-
mulated damage over time may have an impact on the chances 
of achieving transmural healing; in that case, the possibility of 
achieving transmural healing might be limited to a window early 
in the course of the disease.

In patients with CD, the stringent definition of transmural 
remission requires complete resolution of inflammatory mural 
and perimural findings so that the bowel wall recovers its 

normal appearance: BWT<3 mm and no signs of hyperperfu-
sion, oedema (on MRE), disrupted echostratification (on IUS), 
ulcers or fat stranding13 (figure 4). A less stringent and perhaps 
more realistic definition would also allow the resolution of 
inflammation with residual findings or sequelae such as mild 
mural thickening or mild hyperperfusion and/or asymmetric fat 
deposits within the bowel wall resulting from multiple episodes 
of activity and healing. In other words, the definition of trans-
mural healing may be dependent on disease duration and accu-
mulated bowel damage.

One of the advantages of IUS is its easy use and the rapid evalu-
ation of the treatment response in patients with IBD53 (figure 5). 
In CD, transmural response could already be determined as soon 
as 4 weeks after treatment initiation. In UC, normalisation of 
BWT could be observed 2 weeks after treatment initiation in the 
majority of patients.40

Further studies are needed to establish clear definitions of 
therapeutic response based on individual activity parameters in 
IBD. To best define transmural response criteria and the optimal 
time for reassessment, it is critical to characterise changes in 
individual imaging activity parameters over time, because some 
parameters (eg, BWT, in particular ileal) are slower to change 
than others.47 54 55

The discrepancy between active ileal inflammation on cross- 
sectional imaging and normal mucosa at endoscopy likely 
reflects active inflammation confined to intramural portions of 
the terminal ileum, inaccessible at endoscopy.56–58 Indeed, as 
discussed in more detail below (targets in Crohn’s disease), when 
assessing the response of inflamed bowel segments to medical 
therapy, cross- sectional imaging findings better predict clini-
cally relevant clinical outcomes57 59 60 and progression of bowel 
damage61 than endoscopy.

To use MRE and IUS in clinical trials, it essential to develop 
validated indices to measure changes after medical treatment. 
Studies using different methodological approaches have demon-
strated that various scores correlate well with endoscopic indices 

Figure 3 Evolving role of cross- sectional imaging in the field of inflammatory bowel disease. DWI, diffusion- weighted imaging; US, ultrasound.

Figure 4 Coronal (A,C) and axial (B,D) T2 non- fat saturated weighted 
images from an MRE enterography examination before (A,B) and 
after (C,D) anti TNF-α therapy. Before treatment there is active small- 
bowel Crohn’s disease with mural thickening and increased mural T2 
signal (arrows). Following 6 months of anti- TNF-α therapy the bowel 
has returned to near normal with subtle low T2 signal thickening only 
(arrows). MRE, magnetic resonance enterography; TNF, tumour necrosis 
factor.
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and endpoints47 55 58 62–65 (online supplemental table 2). Hanzel 
et al42 recently compared the responsiveness of MRE scores. All 
scores were substantially responsive with the standardised effect 
size of sMaRIA (1.17; 95% CI: 0.56 to 1.77) similar to that of 
the full MaRIA (0.98; 95% CI: 0.42 to 1.55) and higher than 
that of the London score (0.85; 95% CI: 0.31 to 1.39). More-
over, the correlation between the change in the MRE index score 
and the change in endoscopic disease activity was numerically 
largest for the sMaRIA (r=0.72), suggesting that it is potentially 
the preferred score for use in clinical trials due to its practicality 
and responsiveness.

By contrast, the operating characteristics of IUS indices are 
poorly defined, with insufficient data available regarding their 
efficacy in assessing the response- to- treatment compared with 
endoscopy.21

Choice of cross-sectional imaging techniques in clinical 
practice
No imaging modality is ideal in all situations. The choice of 
cross- sectional technique depends on the clinical question, the 
patient’s characteristics and preferences, local interpretative 
expertise and availability of imaging platforms. The aim is to 
use the best test for a particular patient at a given time point 
in the course of their disease. All modalities have strengths and 
limitations. Compared with MRE and IUS, CTE is faster, less 
dependent on body habitus and less prone to artefacts; however, 
CTE uses ionising radiation, making it unsuitable for the serial 
examinations required in the management of IBD and thus rele-
gating its role largely to the acute setting.

Regarding patients’ experience and preferences, a recent 
prospective multicentre study comparing MRE and IUS 
in patients undergoing both tests found that although the 
burden of MRE was low, it was significantly greater than that 
of IUS; furthermore, 99% of patients were willing to undergo 
IUS again, with 91% willing to undergo MRE again.66 67 
Nonetheless, patients preferred MRE to colonoscopy, and 

patients considered diagnostic accuracy the most important 
test attribute.

Meta- analyses suggest that both IUS and MRE are accurate 
for diagnosis and staging CD, although prospective multi-
centre head- to- head comparison suggests MRE is more accu-
rate, particularly for defining the extent of small- bowel CD, 
and likely preferable for the initial diagnostic workup to define 
the disease distribution and phenotype.13 66 68 69 Moreover, as 
discussed above, validated MRE disease activity scores support 
its use in follow- up and assessing treatment response in both 
clinical practice and research.62 However, IUS can be performed 
at the point- of- care, enabling real- time clinical decisions. This is 
a distinct advantage should robust data demonstrate the benefit 
of activity assessment using cross- sectional imaging during tight- 
monitoring strategies, particularly in established non- complex 
disease phenotypes.

Usefulness of cross-sectional imaging in guiding clinical decisions
Several studies have analysed the impact of cross- sectional 
imaging findings on clinical decisions. In a prospective study, 
Novak et al70 found that IUS assessment changed clinical deci-
sions in about 60% of cases. In a study comparing colonos-
copy followed by MRE versus MRE followed by colonoscopy 
in patients with CD, Garcia- Bosch et al71 found that informa-
tion from MRE alone was sufficient for management in 80% 
of cases, whereas information from colonoscopy alone was 
sufficient in only 34%. Adding information from MRE to that 
from colonoscopy led to changes in therapy in 28% of patients. 
Moreover, adding information from MRE to that obtained from 
colonoscopy changed clinicians’ grade of confidence in a higher 
proportion of patients than adding colonoscopy to information 
from MRE for diagnosing disease activity, stenosis, fistula, and 
internal abscesses. Anti- tumour necrosis factor (TNF) therapy 
and surgery were indicated more often when MRE was done 
first. Another study comparing point- of- care IUS with MRE in 
patients with CD found that both modalities had a high impact 
on clinical decision- making, and the changes to management 
resulting from IUS and MRE were highly concordant.72

Cost-effectiveness
Across the majority of healthcare systems, IUS is cheaper than 
MRE and CTE. Relatively few data are available on the cost- 
effectiveness of MRE and IUS; however, a detailed modelling 
exercise based on prospective data from the METRIC trial 
showed similar cost- effectiveness for the two techniques in both 
newly diagnosed patients and those with clinically suspected 
relapse.73

Near-future perspectives
Avoiding contrast media
Current MRE protocols typically include rapid sequences with 
gadolinium- chelate- enhanced sequences that provide morpho-
logical and functional information. Although gadolinium- based 
contrast agents are generally considered safe, recent confirma-
tion of gadolinium deposits in brain tissue has raised concerns 
about its repeated use, especially in younger patients. Moreover, 
using contrast agents increases costs. Therefore, alternative or 
complementary image strategies are being investigated.

Diffusion-weighted imaging
DWI is an MR sequence deriving its image from the Brownian 
motion of free water molecules in tissues, and reflects the under-
lying tissue architecture and histological properties. The diffusion 

Figure 5 Monitoring disease activity using intestinal ultrasound. 
Composite image of small- bowel inflammation due to Crohn’s disease 
in the terminal ileum showing a mural wall thickness of 7 mm and 
partially abrogated echostratification at week 0 (A). The same part of 
terminal ileum at week 48 after treatment with ustekinumab showing 
normalisation of mural thickness, normal echostratification (B). Overall, 
findings are consistent with achievement of transmural remission.

https://dx.doi.org/10.1136/gutjnl-2021-326562
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of water molecules can be restricted by interactions with cell 
membranes and macromolecules. In addition to providing 
images, DWI intrinsically provides a quantitative parameter, 
that is, the ADC. On DWI, restricted diffusion is typically seen 
in active inflammation, where it manifests as high signal with 
corresponding low ADC values on ADC maps. To date, research 
into the use of DWI and ADC in IBD has focused mainly on 
identifying activity in the bowel wall. A critical review of 15 
studies using diverse methodologies concluded that although 
DWI offered high sensitivity (80%‒100%) for detecting enteric 
inflammation, high rates of false- positives (up to 40%) suggest 
that restricted diffusion is most useful as a supportive feature 
when other findings of mural inflammation are present on 
conventional sequences.74 Further studies are necessary to define 
the role of DWI in monitoring the response- to- treatment.

Motility
The mechanisms underlying reduced motility in CD- affected 
bowel are multifactorial, but inflammatory and fibrotic infil-
tration, neuritis within the bowel wall, and systemic effects of 
the inflammatory burden mediated via hormonal and neuronal 
pathways likely play a role. One of the main advantages of IUS 
is the direct bedside evaluation of motility and of bowel wall 
stiffness although clear parameters for quantification are still 
lacking. Technological advances have enabled MR scanners to 
capture small- bowel motility in a single breath hold and post-
processing software can quantify this motility (figure 6). Reduc-
tions in segmental bowel motility are inversely correlated with 
histopathological and endoscopic activity grades, and recovery 
of motility may better capture early treatment response than 
morphological measurement; however, this promising approach 
requires further validation.75

Elastography
Ultrasound- based elastography is increasingly used to quanti-
fying tissue stiffness as a biomarker for fibrosis. Elastography 
measures tissue stiffness in response to a mechanical force, 
applied by the operator in strain elastography or generated by 
the transducer in shear- wave elastography. Strain elastography 
findings are expressed through semi- quantitative colour maps 

and the ratio of strains between the area of interest (eg, stricture) 
and normal tissue, whereas shear- wave elastography provides 
quantitative measures of the propagation of shear waves in kPa 
or metres per second as well as colour maps. Therefore, shear- 
wave elastography is less operator dependent and reproducible.

There are promising emerging data showing an association 
between elastography measurement and the degree of under-
lying fibrosis in CD- related strictures. A recent systematic review 
found moderate- to- good accuracy for ultrasound elastography 
in identifying histological fibrosis, with point- shear wave elas-
tography performing best.76

The use of elastography as a biomarker to predict the response 
to TNF- inhibitors has also been explored. Orlando et al77 found 
that strain ratios were lower in patients who achieved trans-
mural healing (BWT≤3 mm) during treatment, and patients with 
higher ratios required surgery more frequently.

Elastography can also be performed with MRI. A recent study 
using MR elastography in a prospective cohort of 69 patients 
found that bowel wall stiffness >3.57 kPa was associated with an 
increased risk of adverse clinical events (p<0.0001).78 Elastog-
raphy is a promising tool for guiding clinical decisions, but the 
wide heterogeneity of modalities and reported values currently 
hampers its implementation in daily practice.

Combining imaging findings and other biomarkers
Given the limited ability of cross- sectional imaging techniques’ 
to identify early mucosal inflammation, it seems reasonable to 
supplement cross- sectional imaging with alternative biomarkers 
of mucosal inflammation such as faecal calprotectin (fCalpro) 
to compose a more complete picture of transmural and mucosal 
disease activity. In patients with IBD, fCalpro correlates well 
with colonic inflammation,79 although fCalpro is less sensitive 
in patients with proctitis alone and in patients with CD with 
small- bowel inflammation.79 80 Nevertheless, a meta- analysis of 
studies comparing fCalpro with video capsule endoscopy indi-
cated that fCalpro <50 µg/g suggests a very limited likelihood of 
small- bowel inflammation.81

In clinical practice, combining IUS and fCalpro at different 
time points might be helpful in monitoring disease activity and 
the response- to- treatment in both UC and CD, but more data are 
needed to determine the value of this approach.

Artificial intelligence
Conventional imaging evaluation relies to a great extent on 
subjective assessment by radiologists, risking interpretative vari-
ability. Advancements in intestinal segmentation methodologies 
for cross- sectional imaging using artificial intelligence (AI) may 
potentially power disease activity measurements while reducing 
variability. Improvements in semi- automated bowel segmenta-
tion are key to automated extraction of standardised, reproduc-
ible CD activity measures using MRE or CTE .82 83

In the last decade, radiomics (software- based extraction of 
multiple imaging features from radiographic images) has been 
explored as a way of harnessing hidden biological signatures 
to aid diagnosis and prognostication, forming part of more 
general strategies aiming towards more personalised medicine. 
One area where radiomics research can expand is correlating 
models obtained from the imaging features extracted with histo-
logical findings. In a pilot study in 16 patients, Makanyanga et 
al84 found that MRI texture features were associated with histo-
logical measures of CD activity and MRI CD activity scores. 
Other recent works have focused on detecting intestinal fibrosis. 
One retrospective multicentre study found that a radiomic 

Figure 6 A single image from a dynamic set with a region of 
interest (white circle) placed on a diseased terminal Ileum (A). Motion 
is assessed by assigning each pixel in the image with an associated 
displacement value, and expressed as quantitative value (green circle) 
(B).
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model based on data extracted from CTE and MRE identified 
moderate- to- severe fibrosis in the bowel with diagnostic accu-
racy comparable with radiologists’ perception.42 The same group 
went on to develop a deep- learning model that outperformed 
radiologists in diagnosing intestinal fibrosis on CTE in patients 
with CD and that was not inferior to the radiomics model.85 
Unlike radiomics models, deep- learning models are capable of 
automatically learning features without predefined characteris-
tics or human intervention.

There is no doubt that AI systems will eventually be integrated 
into medical imaging work- flow schemes, improving diagnostic 
accuracy, lowering reporting times and reducing radiologists’ 
workloads. However, various challenges must be overcome 
before these systems can be widely implemented in clinical prac-
tice or research. Among these, efforts to develop and train AI 
systems must take patient and data diversity and non- uniform 
image acquisition protocols into account, ensuring the most 
comprehensive data sets for ground truthing to minimise biases. 
These efforts would benefit greatly from standardised reporting 
as well as from increased data sharing, which is currently 
hindered by regulatory restrictions.

At this very early stage in this promising era, it is difficult to 
predict how AI advances will be implemented and how they 
will impact the interpretation of medical imaging and patient 
outcomes.

Targets in Crohn’s disease
Since CD is a transmural disease, it seems logical to use MRE or 
IUS to assess the transmural response- to- treatment and remis-
sion or healing. The recent Selecting Therapuetic Targets in 
Inflammatory Bowel Disease (STRIDE II) consensus proposed 
transmural healing as a desirable treatment target.3 Several 
studies have demonstrated that transmural healing is associated 
with better long- term outcomes. For example, a recent study 
using MRI to determine transmural healing found lower rates 
of hospital admission, therapy escalation and surgery in patients 
with transmural healing compared with patients with endoscopic 
mucosal healing alone or no healing.57 Another study showed 
that transmural healing on MRI is associated with a lower risk 
of bowel damage progression than endoscopic healing in CD.61 
In patients with CD receiving anti- TNF therapy, those achieving 
a complete response on IUS had better long- term outcomes, 
including less hospitalisation, less surgery and less steroid use 
compared with patients with incomplete responses.86 Similarly, 
in patients with CD, after 1- year treatment with biologics, clin-
ical outcomes were better in those with transmural healing on 
IUS than in those with no healing or only mucosal healing.59

One of the inherent challenges in adopting transmural healing 
as a treatment target is the relatively low rate of patients who 
achieve it with currently available drugs. In the STARDUST IUS 
study, where transmural healing was defined as normalisation 
of all pathological IUS parameters 1 year after treatment with 
ustekinumab, only 24% of patients had achieved this endpoint.54 
Similarly, in the VERSIFY trial, where transmural healing was 
defined as MaRIA <7 in all segments, only 22% of patients had 
achieved this endpoint after treatment with vedolizumab for 26 
weeks, and only 38% after treatment for 52 weeks.87 The rate 
of response to medical therapy observed in the small- bowel and 
large bowel are consistently different, possibly due to differences 
in the pathophysiology of CD in the two locations42 88; however, 
these differences are still poorly understood, so attention is 
currently focused on developing specific studies for small- bowel 
CD.

Very little is known about the comparative impact of drugs 
with different mechanisms of action in inducing transmural 
healing, whether treatment optimisation can increase the rates 
of transmural healing, or the length of time necessary to induce 
transmural healing in patients with CD. Furthermore, most of 
the available information comes from retrospective studies with 
few patients.

Heterogeneity in the definitions of transmural healing and 
the techniques used to measure it hamper the identification of 
relevant therapeutic targets based on cross- sectional imaging.7 
Furthermore, the paucity of data showing the relationship 
between cross- sectional activity scores and clinical outcomes 
further limits using these scores as an endpoint in clinical trials. 
Transmural healing can be the new treatment target; however, 
the optimal set of therapeutic targets to predict clinically rele-
vant long- term outcomes in CD can only be settled through 
large- scale long- term prospective studies to provide physicians 
with some guidance in clinical practice and therapeutic goals in 
clinical research.

Development of targets in fibrostenosing CD
Current therapeutic strategies for CD target inflammation. 
Although administering corticosteroids, immunosuppressive 
therapies or biological agents can bring about disease remis-
sion in about 30% of patients, recurrent flares alternating with 
periods of remission will still result in cumulative bowel wall 
remodelling. Indeed, despite these therapeutic strategies to 
control inflammation, the incidence of fibrostenosis in patients 
with IBD is not declining.89 Thus, to avoid the irreversible 
progression to stenosis in patients with IBD, it is essential to 
detect fibrosis early and treat it adequately. However, since no 
drug therapy for fibrostenosis is available, this condition evolves 
irreversibly and eventually requires surgical resection. Clinical 
trials for potential anti- fibrotic therapies are difficult to set up 
and carry out for three main reasons: they require a very long 
time, predictive models for the development of strictures are 
lacking and no surrogate endpoints are available.

In this context, it is crucial to develop and validate novel 
targets specific for fibrosis and to define how to diagnose, 
prevent and cure fibrosis in patients with CD. With the aim of 
establishing a standard, reliable and objective definition for stric-
tures based on MRE, a panel of experts proposed the following 
diagnostic criteria for fibrostenosis (1) BWT>3 mm, (2) luminal 
narrowing >50% and (3) pre- stenotic dilation >3 cm.12 13 90

Although the definition of strictures containing some degree 
of fibrosis is in the process of validation, various single- centre 
studies have reported other MR quantitative metrics. For 
instance, the dynamic pattern of gadolinium enhancement 
(DGE) of the bowel wall differs depending on the amount of 
dense, compact fibrotic matrix in the submucosa. Whereas 
predominantly inflammatory lesions become saturated with 
contrast material early, bowel wall areas with moderate and high 
degrees of fibrosis are delineated through the delayed, progres-
sive enhancement of deep intestinal layers over a 7 min period, 
regardless of the degree of inflammation present.91 ADC values 
have also shown promise for correlating fibrosis in small- bowel 
CD. Lower ADC values correlate significantly with Chiorean 
scores for histological fibrosis,92 likely because fibrosis increases 
the density of the extracellular space, restricting the diffusion 
of water molecules. Another parameter apparently associated 
with fibrosis is the magnetisation transfer ratio (MTR). Derived 
from the magnetisation transfer technique, the MTR reflects 
the burden of macromolecules (eg, collagen) that accumulate 
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in the bowel wall and correlates with fibrotic deposition in 
resected bowel segments.93 However, a recent prospective multi-
centre study that aimed to validate these imaging biomarkers 
in 61 surgical samples from 51 patients with CD with strictures 
found that ADC and MaRIA correlated strongly with fibrosis 
(R=−0.71, p<0.0001 and 0.59, p<0.001), but correlations of 
fibrosis with DGE and MTR were weaker or non- existent.94 An 
additional composite quantitative score obtained using regres-
sion analysis including MaRIA, ADC and DGE was a good 
predictor of histological fibrosis (area under receiver operating 
characteristic curve=0.910) and promises to be useful in the 
development of fibrosis- targeted therapies.

Monitoring disease progression
The ultimate goal of therapy in IBD is to bring about deep and 
sustained remission, prevent the progression of disease and 
restore patients’ quality of life over the long- term. The progres-
sive nature of CD is well established, and CD studies have used 
changes from inflammatory behaviour to stricturing or pene-
trating behaviour as hallmarks of disease progression.95 To 
better assess the effects of therapeutic interventions on disease 
progression, it is important to separate the long- term outcomes 
related to the modification of disease from the short- term effects 
of treatment on symptoms and disease activity.

The Lémann Index (LI) was developed and validated to 
provide an objective and reproducible measure of CD progres-
sion.10 96 It is based on a comprehensive assessment of structural 
bowel damage, including stricturing lesions, penetrating lesions 
and history of surgery, and increases with disease duration.96 
Its main applicability will likely be as an outcome measure in 
disease modification trials, and applied over a long period of 
follow- up time.97 Importantly, the LI has also been shown to 
also to decrease over time. In a population of patients with CD 
responding to anti- TNF drugs, the LI decreased in 60% 1 year 
after starting anti- TNF therapy,98 suggesting that this index also 
includes inflammatory components in the penetrating domain 
(eg, fistula) and in its stricturing domain. Nonetheless, a retro-
spective study in 221 patients with CD assessing the LI’s sensi-
tivity to changes in bowel damage found that more than 50% 
had substantial bowel damage (LI>2.0) 2–10 years after the 
initial diagnosis. In addition to the duration of clinical activity 
and intestinal resection, an elevated (>2.0) LI at first evaluation 
was associated with bowel damage over time. In another cohort 
of 30 subjects who achieved clinical remission with anti- TNF 
and were followed prospectively for a median time of 32.5 
months, the authors proposed a cut- off of the LI>4.8 for signif-
icant bowel damage, and found that an increase >0.3 in the LI 
was associated with bowel damage progression and.99 Besides, 
bowel damage progression was found to be predictive for major 
surgery in the follow- up period (HR 0.19, p=0.005).99 In two 
additional retrospective cohorts LI stabilisation or decrease was 
observed in patients receiving anti- TNF, as opposed to patients 
receiving azathioprine,100 101 or mesalamine.100 It is important to 
highlight that all these studies have employed the non- validated 
and updated version of the LI,10 and over a relatively short 
period of time.

Currently ongoing, prospective CD Cohort Study aims 
to prospectively measure the validated LI in a population 
of recently diagnosed CD, and to assess predictors of bowel 
damage (measured by the LI) progression over time (CROCO 
trial; NCT05420233). Although the concept of bowel damage is 
not as well accepted in UC as in CD, some evidence suggests that 
inflammation in UC can lead to damage, manifesting as reduced 

rectal compliance, altered motility and overlapping functional 
symptoms.102 Thus, it seems plausible that the cross- sectional 
imaging could provide new insights into the effects of UC on the 
bowel wall beyond the mucosa.

CONCLUSION
Cross- sectional imaging plays a vital role in the management 
of patients with IBD and overcomes many of the limitations 
of endoscopy. Many studies demonstrate the utility of cross- 
sectional imaging for diagnosis, staging, activity assessment 
and severity grading. Furthermore, as treatment goals shift to 
achieving sustained deep remission, MRE and IUS are vital 
adjuncts to endoscopy as objective tools for monitoring disease 
activity. New techniques such as motility assessment and elas-
tography hold promise as potential biomarkers for activity and 
fibrosis, respectively, with relatively few barriers to clinical 
implementation once appropriately validated. Cross- sectional 
imaging also allows quantification of cumulative progressive 
bowel damage, and the ability to assess transmural response and 
healing opens intriguing possibilities for new treatment targets 
and prognostication. The criteria for, and utility of, transmural 
healing on cross- sectional imaging is a current research priority.
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