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Chapter 1

Inflammatory bowel diseases

Inflammatory bowel diseases are a large healthcare problem in the western world; 
they affect over two million citizens in Europe alone [1]. The diseases result from 
inappropriate inflammatory responses to intestinal microbes in a genetically 
susceptible host. They comprise of two types of chronic intestinal disorders: Crohn’s 
disease and ulcerative colitis. If no precise differentiation can be made between 
these conditions, the term “indeterminate colitis” is used. Patients with inflammatory 
bowel diseases frequently presents with abdominal pain, fever, diarrhoea or clinical 
signs of bowel obstruction. In a number of patients extra intestinal manifestations 
and associated immune disorders will occur. Their incidence and prevalence are still 
globally rising [1].

Crohn’s disease

The main difference between Crohn’s disease and ulcerative colitis concerns the 
location of the disease. Ulcerative colitis solely affects the colon and rectum, while 
Crohn’s disease can affect the whole gastrointestinal tract and most often the 
last part of the small bowel, the terminal ileum. Several diagnostic techniques are 
available for patients with suspected Crohn’s disease. The general practitioner or 
gastroenterologist will make inquiries about clinical symptoms, such as diarrhoea 
and abdominal pain. Thereafter, laboratory tests are acquired, including blood and 
stool tests, providing erythrocyte sedimentation rate, ferritin, vitamin B12, C-reactive 
protein and faecal calprotectin, with which the presence of intestinal inflammation 
can be suggested. However, diagnosis of Crohn’s disease cannot be made by clinical 
symptoms and laboratory test alone and neither can Crohn’s disease be fully excluded 
by them.

Evaluation of Crohn’s disease

Evaluation of the disease both at the time of diagnosis and throughout the course 
of the disease is needed, to determine the location, extent, activity and severity 
of inflammatory lesions as well as the presence of complications. In addition, it is 
important to distinguish between mild, moderate or severe Crohn’s disease activity 
as medical management differs among the disease stages [2]. This information is 
crucial to select the best possible therapy. 

Endoscopy and especially ileocolonoscopy is an important part of the diagnostic 
armamentarium as it gives accurate assessment of the mucosa while biopsies for 
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histopathology can be obtained. However, it does not visualize trans- and extramural 
disease activity. Additionally, strictures may prohibit the evaluation of the upstream 
bowel. Importantly, in many patients there is a need for multiple examinations over 
time, both with respect to the evaluation of relapses and for treatment monitoring. 
The burden of especially the bowel preparation for ileocolonoscopy is a hurdle for 
frequent use of this method. Further, apart from the terminal ileum at ileocolonoscopy, 
evaluation of the small bowel is not possible as the rest of the ileum can not be 
reached by the endoscope.

The small bowel can be assessed by balloon assisted enteroscopy, using a single or 
double balloon endoscope through the mouth, oesophagus and stomach or through 
the rectum and colon. This procedure combines endoscopic visualization of the 
entire small bowel with the possibility of taking biopsies and endoscopic treatment 
of fibrotic strictures. However, the lengthy and invasiveness of the procedure and 
need for sedation limits its use. 
Another method of endoluminal examination of the small bowel is a wireless capsule 
endoscopy (video capsule endoscopy) that is swallowed and then propelled through 
the bowel by gut motility. The advent of small bowel capsule endoscopy allowed for 
the first time direct visualization of the entire small bowel with minimal discomfort, 
albeit without the ability for tissue sampling or therapeutic options. Besides, capsule 
retention in a stenotic small bowel hampers its use in patients with Crohn’s disease. 
The European Crohn’s and Colitis Organisation (ECCO) and the Organisation Mondiale 
d’Endoscopie Digestive (OMED) stated in a consensus document that cross-sectional 
imaging techniques should generally precede capsule endoscopy in suspected and 
established Crohn’s disease patients [3].

Radiology

Cross-sectional imaging techniques overcome the aforementioned limitations of 
ileocolonoscopy, balloon assisted enteroscopy and capsule endoscopy. Therefore 
it plays an increasingly more important role in the management of patients with 
Crohn’s disease. Cross-sectional imaging has the ability to detect and stage 
disease, although no biopsies can be obtained and mucosal assessment is inferior 
to endoscopic techniques. A consensus document of the ECCO and the European 
Society of Gastrointestinal and Abdominal Radiology (ESGAR) has indicated that 
cross-sectional imaging is fundamental at first diagnosis to stage disease and to 
monitor follow-up [4]. In concordance with a systematic review [5], ultrasonography, 
Magnetic Resonance Imaging (MRI), Computed Tomography (CT) and Positron 
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Emission Tomography (PET) were recommended for the assessment of disease 
activity. In addition, the ECCO/ESGAR guideline states that MRI has the potential to 
be the most useful imaging modality to evaluate bowel damage, because of the high 
contrast resolution, lack of ionizing radiation, ability to cover the whole abdomen 
and versatility of the different sequences. Moreover, in established Crohn’s disease 
it assists to select treatment, to assess response and to quantify tissue damage [6]. 

Magnetic Resonance Imaging

MRI has become an important tool in the management of patients with Crohn’s 
disease. Several findings on MRI reflect active disease such as bowel wall thickening, 
enhancement of the bowel after intravenous contrast injection on T1 weighted 
images, enhancement pattern, increased mural signal intensity on fat saturated T2 
weighted images, the presence of increased blood flow in the vasa recta (“comb 
sign”), mesenteric fat infiltration, skip lesions and fistulas. This has resulted in more 
frequent use of MRI in the diagnosis and evaluation of patients with Crohn’s disease.

MRI has some limitations with regard to the grading of disease activity [7]. Variable 
reproducibility has been reported for many MRI features [8–11], resulting in possibly 
subjective interpretation of disease activity. In addition, mild ulcerative lesions are 
difficult to detect; a meta-analysis reported that MRI enabled correct grading 91% of 
patients with frank disease, 62% of patients with mild disease and 62% of patients 
in remission [12]. MRI findings are more associated with overstaging of disease 
activity than understaging. Accurate detection of mild Crohn’s disease using MRI 
is hampered by the spatial resolution of MRI which is insufficient to detect subtle 
mucosal changes. New MRI techniques and related scoring systems might solve these 
limitations [13–16].

Newer sequences

Diffusion weighted imaging (DWI) is increasingly used in body MRI protocols. It has 
been shown to facilitate the detection of neoplastic and inflammatory lesions, such 
as appendicitis [17,18]. The sequence is sensitive to the Brownian movement of 
water molecules which is altered in certain inflammatory processes. The apparent 
diffusion coefficient (ADC) can be calculated as a quantitative measure that reflects 
the average rate of diffusion. Only a few studies have evaluated DWI in patients with 
Crohn’s disease [14,19,20]. However, imperfect reference standards hindered firm 
conclusions.
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Dynamic contrast enhanced (DCE)-MRI visualizes the T1 weighted MRI signal intensity 
after intravenous contrast injection over time. As such, the time-dependent signal 
intensity of a tissue can be depicted in a time intensity curve. These time intensity 
curves are able to provide different quantitative measurements of disease activity. 
A recent study, using endoscopy as a reference standard, suggested that DCE-MRI 
can be used for grading Crohn’s disease activity, including mild disease activity [13].
Only a few studies have investigated the role of these imaging sequences for the 
detection of bowel inflammation in Crohn’s disease. More research is needed before 
these sequences have proven their value to determine disease activity in an objective, 
quantitative and reproducible manner. 

MRI scoring systems

Increasing data suggest that robust MRI assessment of Crohn’s disease activity 
should be based on integrating several imaging features together, rather than relying 
on one or two individual findings [21]. Particularly, the combination of selected MRI 
features into one strong scoring system could lead to a more objective, quantitative, 
and reproducible grading in the severity of Crohn’s disease and is, therefore, 
recommended.
Recently, several groups have developed scoring systems for Crohn’s disease activity 
[10,16,22,23]. No study has compared the accuracy of scoring systems in an external 
patient cohort. Additionally, their reproducibility needs to be evaluated before one of 
the systems can be implemented in daily practice.

Therapy evaluation

Different medical therapies are available for patients with Crohn’s disease. Treatment 
with anti-tumour necrosis factor (TNF) agents can result in mucosal healing. Mucosal 
healing has been associated with sustained clinical remission, and reduced rates of 
hospitalization and surgery. However, these biological agents can have serious side-
effects. In addition, the therapeutic effect on transmural inflammation and stenotic 
lesions are largely unknown. Further, knowledge of the presence of complicating 
abscesses and fistulas is required for a more efficient deployment of medical therapy, 
particularly with anti-TNF agents. Better insight in the therapeutic effects of these 
costly (> 10.000 euro per year) therapeutics may guide the clinical decision-making 
process. Cross-sectional imaging has the potential to assess the effects on trans- 
and extramural lesions and monitor therapeutic responses. However, only few studies 
have explored how radiologic parameters of active inflammation change over time 
during medical therapy [24]. 
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Outline of this thesis

This thesis focuses on the performance of MRI in the ability to grade Crohn’s disease 
activity. Various aspects are studied: the reproducibility of different MRI features, the 
evaluation of scoring systems, the possibility to assess therapy response, the value of 
new MRI sequences and the grading accuracy of inexperienced readers.

Several studies have been performed to evaluate the accuracy of cross-sectional 
imaging techniques for the assessment of Crohn’s disease. However, comparisons 
between these techniques have hardly been performed. To determine accurate 
estimates, we have performed a meta-analysis of studies evaluating the ability of 
ultrasonography, MRI, CT and PET to grade Crohn’s disease activity in chapter 2.
Numerous MRI features have been proposed as markers of disease activity, either alone 
or together in MRI scoring systems. In chapter 3 an interobserver variability study 
evaluated these MRI features and two recent developed scoring systems. Besides, 
these two scoring systems were correlated to the Crohn’s Disease Endoscopic Index 
of Severity (CDEIS). In chapter 4, conventional T1 and T2 weighted, DWI and DCE-
MRI sequences were evaluated for quantitative assessment of Crohn’s disease activity 
based on histopathology from surgical specimens.
MRI has the potential to monitor responses on medical therapy. In the study reported 
in chapter 5, we described the assessment of inflammation and stenosis in patients 
on anti-TNF therapy, using serial MRI examinations.
In the last years, MRI is increasingly used in the assessment of Crohn’s disease. 
However, most radiologists have limited experience with this technique. Chapter 6 
provides insights in the accuracy of inexperienced readers to grade disease activity 
before and after training.
To improve MRI reading, computer-assisted models for the detection and classification 
of Crohn’s disease can be helpful. Chapter 7 focuses on the potential development 
of computer-aided detection using MRI and reviews the available computerized 
techniques, as well as preferred developments.
Chapter 8 and 9 provides a summary, general discussion and implications of this 
thesis in English and Dutch.
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Abstract

Objectives 

To assess the grading of Crohn’s disease activity using CT, MRI, US and scintigraphy.

Materials and Methods

MEDLINE, EMBASE and Cochrane databases were searched (January 1983–March 
2014) for studies evaluating CT, MRI, US and scintigraphy in grading Crohn’s 
disease activity as compared to endoscopy, biopsies or intra-operative findings. Two 
independent reviewers assessed the data. Three by three tables (none, mild, frank 
disease) were constructed for all studies and estimates of accurate grading, over- 
and undergrading were calculated/summarized by fixed or random effects models.

Results

Our search yielded 9356 articles, from which 19 articles were included. 
Per-patient data showed accurate grading values for CT, MRI, US and scintigraphy of 
86% (95%CI:75–93%), 84% (95%CI:67–93%), 44% (95%CI:28–61%) and 40% (95%CI:16–
70%), respectively. 
Per-segment data showed accurate grading values for CT, MRI, US and scintigraphy of 
87% (95%CI:77–93%), 78% (95%CI:72–82%), 66% (95%CI:52–78%) and 86% (95%CI:80–
91%), respectively. 
In both per-patient and per-segment analyses CT and MRI showed similar accurate 
grading estimates (P=0.8 and P=0.08, respectively). 

Conclusion

CT and MRI showed comparable high accurate grading estimates both in the per-
patient and per-segment analyses. Results for US and scintigraphy were inconsistent 
and limited data was available.
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Introduction

Cross-sectional imaging techniques are widely used for diagnosis and evaluation of 
Crohn’s disease. Numerous studies have evaluated the diagnostic accuracy of cross-
sectional imaging techniques in Crohn’s disease patients and a meta-analysis has 
been published investigating diagnostic accuracy of CT, MRI, US and scintigraphy [1]. 
However, clinical monitoring and choice of therapy mostly rely on grading of disease 
activity. 

Clinical symptoms and inflammatory lesions can exist independently so assessment 
of the bowel is essential in guiding therapy decisions [2]. Ileocolonoscopy, the 
current reference standard for luminal Crohn’s disease, is accurate for assessment 
of mucosal abnormalities, but has several drawbacks as it is an invasive technique, 
is associated with the risk of bowel perforation, is incapable of assessing trans- and 
extraluminal disease and limited to the colon and terminal ileum. 

Cross-sectional imaging techniques that could accurately grade disease severity 
would be preferable to ileocolonoscopy, as they are non-invasive and not limited 
to the colon and terminal ileum. Several studies have looked at the use of cross-
sectional imaging for assessment of Crohn’s disease severity, but did not offer 
comparison between imaging techniques, as no meta-analysis was performed [2; 
3]. To our knowledge, only one meta-analysis on grading Crohn’s disease activity 
has been performed, which evaluated only MRI and used a search period until April 
2007 [4]. That study showed that MRI correctly graded disease activity in 91% of 
patients with frank (moderate-to-severe) disease. However, correct grading with MRI 
was limited in patients with disease in remission and mild disease (62% and 62%, 
respectively). However, no comparison was made with other imaging techniques and 
numerous articles on grading of Crohn’s disease using MRI have been published 
since 2007. 

Our purpose was to systematically review and compare the accuracy of CT, MRI, US, 
scintigraphy and PET(-CT) in grading Crohn’s disease activity on a per-patient or 
per-segment basis as compared to endoscopy, biopsies or intra-operative findings 
by performing a meta-analysis. Furthermore, we aimed to investigate the degree of 
over- and undergrading for these imaging techniques.
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Material and methods

This review was conducted according to the Preferred Reporting Items for Systematic 
reviews and Meta-Analyses (PRISMA) guidelines [5]. The review protocol was not 
published or registered in advance.

Selection criteria  

The following inclusion criteria were used to determine eligibility of articles: (a) ten 
or more patients were included; (b) CT, MRI, US, scintigraphy or PET(-CT) was used 
to grade Crohn’s disease activity; (c) patients were included with clinically suspected 
inflammatory bowel disease (IBD) or known IBD/Crohn’s disease; (d) endoscopy, 
biopsies or intraoperative findings were used as a reference test; (e) imaging features 
used for grading disease activity were defined; (f) raw data to construct 3x3 tables 
was available; (g) articles were written in English, Italian, Spanish, French, German or 
Dutch; and (h) patients with Crohn’s disease could be analyzed separately from other 
IBD patients. No patient age limits were applied. Articles in the form of a review, case 
report, comment or letter were excluded. 

Literature search and strategy 

We performed an electronic search in MEDLINE, EMBASE and Cochrane databases 
for studies examining the accuracy of CT, MRI, US, scintigraphy and PET(-CT) for 
grading Crohn’s disease activity in human subjects. Search terms ‘Crohn’s disease’ 
and ‘inflammatory bowel disease’ were combined using ‘OR’ and search terms 
for imaging modalities were combined using ‘OR’ as well. These two groups were 
combined using ‘AND’. The search period was limited from January 1983 until March 
2014. Details of the search strategy are provided in the electronic supplementary 
material.

Study selection on title and abstract 

All retrieved articles from the electronic search were assessed by one observer (CP). 
Non-relevant articles and articles in the form of a review, case report, comment or letter 
were excluded. Subsequently, the remaining titles and abstracts were independently 
assessed by two observers (CP and JT) to identify potentially eligible articles. In cases 
of uncertainty, articles were deemed potentially eligible and retrieved as full-text.
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Study selection on full-text 

The full-text of the remaining articles were retrieved. Two observers (CP and JT) 
independently reviewed all eligible articles for the following inclusion criteria: (a) ten 
or more patients were included (less were considered case-series); (b) CT, MRI, US, 
scintigraphy or PET(-CT) was used to grade Crohn’s disease activity; (c) patients were 
included with clinically suspected inflammatory bowel disease (IBD) or known IBD/
Crohn’s disease; (d) endoscopy, biopsies or intra-operative findings were used as a 
reference test; (e) imaging features used for grading disease activity were defined; 
(f) raw data to construct 3x3 tables was available; (g) articles were written in English, 
Italian, Spanish, French, German or Dutch; and (h) patients with Crohn’s disease could 
be analyzed separately from other IBD patients. No patient age limits were applied. 
Articles in the form of a review, case report, comment or letter were excluded. In case 
of duplicate publications, we excluded the studies with the least included patients. 

Table 1. Methodological characteristics from the QUADAS 1 & 2 and their corresponding 
signaling questions (8, 9). The risk of bias is formed for every domain from the signaling 
questions.

QUADAS Methodological Characteristics 
Domain Signaling questions

(Yes, no, unclear)
Patient selection Was a consecutive or random sample of patients enrolled? 

Was a case-control design avoided? 
Did the study avoid inappropriate exclusions?

Index test Were the index test results interpreted without knowledge of the results 
of the reference test? 
If a threshold was used, was it pre-specified?
Was the execution and interpretation (expertise, image analysis) of the 
index test described in sufficient detail to permit its replication? *

Reference test Is the reference test likely to correctly classify the target condition? 
Was the reference test results interpreted without knowledge of the re-
sults of the index test?
Was the execution and interpretation of the reference test described in 
sufficient detail to permit its replication? *

Patient flow Was there an appropriate interval between index test(s) and reference 
test? 
Did all patients receive a reference test? 
Did all patients receive the same reference test? 
Were all patients included in the analysis?

Prospective / 
Retrospective**

Was the data collected after the research question was defined? 

* This signaling question was added from QUADAS 1. We considered this question essential for 
quality assessment, while it is not part of QUADAS 2.
** This item was not part of the QUADAS tools
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Disagreement regarding potential eligibility and inclusion was resolved by consensus. 
The observers were not blinded to authors and journal names.

Study characteristics 

Methodological characteristics

Both reviewers extracted study characteristics independently for all included articles 
using a standardized form. To assess the quality of study design we used a modified 
Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS 2) tool [6; 7]. We used 
the QUADAS tool as it assesses several methodological domains (patient selection, 
index test, reference test and patient flow) separately. Several signalling questions 
were described for each domain (Table 1). These could be answered as adequate 
(‘yes’), inadequate (‘no’) or not reported (‘unclear’) and were used to assess risk of 
bias for the four domains, which was described as high, low or unclear. In addition, 
concerns regarding applicability of the patient population, index and reference test 
to the review question were judged by the observers and also assessed as high, low 
or unclear. Disagreements were resolved by discussion.

Patient characteristics

The following patient characteristics were recorded: number of included patients, 
number of patients that were included in the analysis, if patients were recruited 
consecutively, age characteristics, gender ratio of the patient population, information 
about the patient spectrum (i.e. known or suspected IBD or Crohn’s disease) and 
other selection criteria for patient inclusion. 

Imaging characteristics

Imaging characteristics concerning the type of equipment and basic specifications 
(type of scanner for CT, field strength and coil type for MRI and transducer type 
for US), techniques used for evaluation (sequences for MRI, use of Doppler for US, 
labeling target and tracer type for scintigraphy), bowel preparation (fasting and/
or laxatives), use of luminal and/or intravenous contrast medium and spasmolytic 
drugs were extracted. 

Reference test

All reference tests (i.e. endoscopy, biopsies or intra-operative findings) used for 
analysis were recorded. 
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Imaging and reference test interpretation

We recorded the following information regarding interpretation of imaging and 
reference tests: the interval in days between index and reference test, bowel segments 
that were examined, grading criteria used for grading disease activity on imaging 
and reference tests, imaging features used for evaluation of disease activity and if 
grading was performed per-patient and/or per-bowel-segment.

Data extraction 

Three by three contingency tables, comparing results from index and reference tests 
categorized as none, mild or frank disease, were constructed for each study. If a 
four-grade scale was used (none, mild, moderate or severe disease), groups with 
moderate and severe disease were merged into frank disease. For five-grade scales, 
the second and third scales were grouped into mild disease and the fourth and fifth 
were grouped into frank disease. When studies used multiple reference tests, we 
used intra-operative findings as the reference standard. In other cases, histologic 
findings from biopsies were preferred above endoscopic findings. 

Publication bias 

To study publication bias, first we calculated effective sample sizes (ESS) for each 
study. We then performed linear regression analyses if enough datasets were 
available in a group (n>5), with the proportion of accurate grading per study as 
the independent variable and 1/√ESS as the dependent variable [8].  A significant 
regression coefficient (P<0.05) was deemed sufficient to indicate publication bias.

Data-analysis 

For each study we constructed three proportions: ‘accurate grading’, defined as the 
amount of correctly graded patients or segments by the index test as compared to 
the reference test, ‘undergrading’, defined as the number of patients or segments on 
which the index test graded lower than the reference test and ‘overgrading’, defined 
as the number of patients or segments on which the index test graded disease activity 
higher than the reference test. Datasets were sorted into groups by type of imaging, 
which were then subdivided by target of evaluation (per-patient or per-segment). 
Data was pooled if more than one dataset was available in a group. 

For the pooled data we calculated mean logit accurate grading, under- and 
overgrading values with corresponding standard errors using non-linear fixed or 
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random effects models, based on the Akaike Information Criterion (AIC) statistic 
(a lower AIC value indicates a better fit) [9; 10]. By using antilogit transformation 
we obtained summary estimates with 95% confidence intervals (95%CI) for accurate 
grading, over- and undergrading. In several studies, multiple datasets were available 
(i.e. multiple readers). Because we used all datasets for analysis, we adjusted the 
correlation between datasets from the same study by adding the same number for 
each study in the subject statement of the random-effect approach. 
Comparison of CT, MRI, US and scintigraphy was performed using Z-tests using the 
logit values of the pooled data. For data, which was not pooled, we performed logit 
transformation using proportion and sample size (n) to make comparison possible. 
To calculate logit values for proportions of zero or one hundred, we added 0.5 to 
the number of events [11]. P-values less than 0.05 indicated statistically significant 
difference. All data analyses were performed using Excel 2010 (Microsoft corporation, 
Redmond, WA, USA), SPSS 22.0 for Mac (IBM, Chicago, Ill) and SAS 9.3 (SAS Institute, 
Cary, NC, USA).

Figure 1: Flow diagram showing study 
selection. 
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Results

Search and study selection 

The search yielded 9356 articles. After selection on title and/or abstract, 149 articles 
remained and were retrieved as full-text articles (Figure 1). Of these remaining 
articles, 130 did not fulfil the eligibility criteria. Therefore nineteen articles met all 

Figure 2. QUADAS signaling questions (Table 1) per domain (from up to down: patient selection, 
index test, reference test and patient flow). The last column shows if studies included patients 
prospectively.
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Table 2: Study characteristics

Study

Imag-
ing 
mo-
dality

No. of 
Patients 
included

No. of 
patients 
in anal-
ysis

Con-
sec-
utive

Age, mean 
(range) or 
mean±SD

Male/
Fe-
male
Ratio 

Patient 
Spectrum Inclusion Criteria

Mao 2013 
(13)

CT 32 32 Y 30 (18–51)** 22:10 Known CD Suspected recurrence after 
ileocolic resection 

Mohamed 
2012 (12)

CT 26 26 ? 43.4 (19–69) 18:8 Known CD Referred to further as-
sessment with CTE

Kolkman 
1996 (14)

CT, SG 32 17 ? 36 (17–65) 11:6 Known/
suspected 
IBD

Suspected IBD or IBD ex-
acerbations or suspected 
abdominal complications

Schill 
2013 (25)

MRI 76 76 N 31.5 (16–76)** 40:36 Known CD Patients scheduled for CD 
surgery

Gallego 
2011 (24)

MRI 61 61 Y 36.1 (14–65) 29:32 Known CD NA

Koilakou 
2010 (23)

MRI 26 26 ? 36.5 (22–69)** 16:13 Known CD Patients with previous 
ileocolic resection

Horsthuis 
2010 (22)

MRI 33 15 Y 14 (8–17)*/** 15:18* Suspected 
IBD

Age 8–18 years

Girometti 
2008 (21)

MRI 52 45 Y 42.5 (18–67) 23:29* Known/
suspected 
CD

Referred for CC with 
biopsy and MRI for relapse 
or suspected onset of CD

Horsthuis 
2006 (20)

MRI 20 20 Y 36±13 7:13 Known CD Scheduled for CC

Florie 
2005 (17)

MRI 31 31 ? 36±12 22:9 Known CD Scheduled for ICC because 
of clinical suspicion of 
relapsing CD

Shoenut 
1994 (16)

MRI 20 12 Y 42.6(20–70)* 12:8 * Suspected 
IBD

NA

Shoenut 
1993 (15)

MRI 28 19 Y 34.1(20–58) 17:11* Known IBD Referred to MRI for 
evaluation and on medical 
therapy

Schreyer 
2005 (18)

MRI 30 30 Y 29 (18–65) 8:22 Known CD Routine small bowel MRI

Schreyer 
2005 (19)

MRI 22 12 Y 33.4 (19–55) 5:7 Known/
suspected 
IBD

NA

Drews 
2009 (28)

US 32 32 N 38.8 (17–71) 14:18 Known CD NA

Neye 
2004 (27)

US 22 22 Y 33.7 (16–56) 9:13 Known CD Referred to gastroenter-
ologist

Bozkurt 
1996 (26)

US 88 32 ? 39 (16–87)* 48:40* Suspected 
IBD

NA

Biancone 
1997 (30)

SG 17 10 ? 43±11* 9:8* Known CD Patients 6–12 months 
after ileocecal resection 

Sciarretta 
1998 (29)

SG 103 31 ? 38.3 (15–78)* 54:49* Suspected 
IBD 

NA

CC = Colonoscopy, CD = Crohn’s Disease, CTE = Computed Tomography Enterography, IBD = 
Inflammatory Bowel Disease, ICC = Ileocolonoscopy, MRI = Magnetic Resonance Imaging, NA = 
Not Applicable, Y = Yes, N = No, ? = Unclear
* These values reflect the total number of included patients in their respective studies, not only 
the patients used in this analysis. ** Median (range)
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inclusion criteria and were included for further data-extraction. Of these studies, CT 
was evaluated in 3 [12-14], MRI in 11 [15-25], US in 3 [26-28] and scintigraphy in 3 
[14; 29; 30]. No articles evaluating PET(-CT) were found that met our criteria.

Study characteristics

Methodological characteristics

Evaluation of the imaging tests was performed blinded from the reference test in 13 
studies [13; 14; 17; 18; 20-26; 29; 30]. The reference test was blinded to the imaging 
results in 12 studies [12; 13; 15; 17; 20; 22-26; 29; 30]. The remaining studies did 
not specify if observers (both imaging and reference tests) were blinded to other 
results [16; 19; 27; 28]. Fifteen of the studies included patients prospectively [12-22; 
24; 26; 27; 30]. Signalling questions for the QUADAS tool were answered with ‘yes’ in 
78.9% of the cases (Figure 2). Patient selection and index test domains showed less 
risk of bias compared to reference test and patient flow domains. Concerns about 
applicability of the patient selection, index and reference tests were generally low 
(Figure 3).

Patient characteristics

A total of 549 patients were included (75 for CT, 347 for MRI, 86 for US and 58 
for scintigraphy). Median study size was 29 patients (range, 10–76). Patient age 
characteristics and gender ratio per study are presented in table 2. In 10 of the 

Table 3: CT characteristics

Study Type of scanner Bowel 
prepara-
tion

Luminal contrast Enterography 
(EG) / entero-
clysis (EC)

I.V. contrast

Mao 2013 
(13)

Multiple-slice 
helical CT with 64 
detector rings

1 night 
fasting

2000 mL 2.5% Mannitol 
solution 1 hr prior

EG 100 mL 
Iopramide

Mohamed 
2012 (12)

Multiple-slice heli-
cal CT

None 1500–2000 mL water EG 100–150 mL 
Iopamiro 
300

Kolkman 
1996 (14)

Siemens Somatom 
Plus 4

None 500 ml water with 15 
ml Rayvist 60% both 
on the evening prior 
to CT and immediately 
preceding scan. 500 mL 
with 30 mL Rayvist 1 hr 
prior to CT

EG NS

CT = Computed Tomography, NS = Not Specified
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Table 4: MRI characteristics

Study 
Field 
strength Coil

Bowel 
prepa-
ration

Luminal 
contrast 

Enterogra-
phy (EG) / 
enterocly-
sis (EC) 

I.V. con-
trast

Spasmolytic 
agent Sequences

Schill 
2013 (25)

1.5 T Body 
and 
spine 
array 
coils

None 1.5–2 L Man-
nitol solution 
orally 45 min 
prior and 
0.5–1 L 0.9% 
NaCl rectally

EG 0.2 mL/kg   
Gd-DTPA

40 mg Bus-
copan iv

3D T2-SPACE, bSSFP, 
RARE, T1-FLASH, T1-
FLASH (post-con-
trast), T1-FLASH 
with fat suppression 
(post-contrast), 

Gallego 
2011 (24)

1.0 T Body 
coil

8 hrs 
fasting

1.5 L PEG 
and mineral 
salts

EG 0.1 mmol/
kg Gd-
DTPA

Buscopan iv bSSFP, interpolat-
ed 3D T1 with fat 
suppression (pre-/
post-contrast), RARE

Koilakou 
2010 (23)

1.5 T NS None 100–150 mL/
min 0.5% 
methylcellu-
lose solution

EC 0.1 mmol/
kg Gd-
DTPA

20 mg Bus-
copan iv

Interpolated 3D T1 
with fat suppression  
(post-contrast), SSFP, 
T2 with fat suppres-
sion,

Horsthuis 
2010 (22)

3.0 T Phased 
array 
coil

Meta-
mucil in 
250 mL 
water 4 
hrs prior 

NS EG 0.1 mL/kg 
Gadodi-
amide

Buscopan iv Interpolated 3D T1 
with fat suppression 
(post-contrast), RARE

Girometti 
2008 (21)

1.5 T Phased 
array 
coil

8 hrs 
fasting

2 L PEG EG 0.2 mL/kg   
Gd-DTPA

10 mg Bus-
copan iv

bSSFP, cine, interpo-
lated 3D T1 with fat 
suppression (pre-/
post-contrast), RARE

Horsthuis 
2006 (20)

3.0 T Phased 
array 
body 
coil

Meta-
mucil in 
250 mL 
water 4 
hrs prior 

NS EG 0.05 
mmol/kg 
Gadodi-
amide

20 mg Bus-
copan iv or 1 
mg glucagon 
hydrochlo-
ride

bFFE, T2-TSE, T1-FFE 
with fat suppression 
(post-contrast)

Florie 
2005 (17)

1.5 T NS 4 hrs 
fasting 

1 L water 2 
hrs prior

EG 0.1 mmol/
kg Gd-
DTPA

20 mg Bus-
copan iv or 1 
mg glucagon 
hydrochlo-
ride

bSSFP, interpolat-
ed 3D T1 (pre-/
post-contrast), out-
of-phase fast low 
angle shot, RARE

Shoenut 
1994 (16)

1.5 T NS None None NA 0.1 mmol/
kg Gd-
DTPA

NS T1-FLASH (pre-/
post-contrast), 
T1 spin echo with 
fat suppression 
(post-contrast)

Shoenut 
1993 (15)

1.5 T NS None NS NA 0.1 mmol/
kg Gd-
DTPA

NS T1-FLASH, T1-FLASH  
(post-contrast), T1 
with fat suppression 
(pre-/post-contrast)

Schreyer 
2005 (18)

1.5 T Phased 
array 
body 
coil

12 hrs 
fasting

2 L Mannitol 
solution with 
carob seed 
1 hr prior 
orally and 
0.4–1.0 L 
0.9% NaCl 
rectally

NA 0.2 mmol/
kg Gd-
DTPA

40 mg Bus-
copan iv

2D T1-FLASH, 2D & 
3D T1-FLASH with 
fat suppression 
(post-contrast), 
bSSFP, RARE

Schreyer 
2005 (19)

1.5 T Phased 
array 
body 
coil

Macrogol 
3350

1.5 L Gd (5 
mmol/L) 
mixture with 
water rectally

NA 0.1 mmol/
kg Gd-
DTPA

40 mg Bus-
copan iv

2D T1-FLASH, 2D 
T1-FLASH fat sat 
(post-contrast), 3D 
T1-FLASH, bSSFP, 
RARE,

bFFE = balanced Fast Field Echo, (b)SSFP = (Balanced) Steady-State Free Precession, Gd(-
DTPA) = Gadolinium(-diethylenetriaminepentaacetic acid), iv = intravenous, MRI = Magnetic 
Resonance Imaging, NaCL = Natriumchloride, NS = Not Specified, PEG =  Polyethyleneglycol, 
RARE =  Rapid Acquisition with Refocusing Echoes, T = Tesla, T1-FLASH = T1-weighted Fast 
Low Angle Shot, TSE = Turbo Spin Echo
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Table 5: US characteristics 

Study (US) Transducer type + frequency

Bowel 
prepa-
ration

Luminal 
contrast

I.V. 
con-
trast

Doppler + 
type

Drews 
2009 (28)

Linear 5–12MHz (neoterminal ileum) 
and convex 2–5 MHz (entire abdomen)

NS None None Power 
Doppler

Neye 
2004 (27)

Linear 5–12Mhz and dynamic sector 
scanner 4–7 MHz

NS None None Pulsed 
Doppler 
and Power 
Doppler

Bozkurt 
1996 (26)

Linear 7.5MHz NS None None NA

MHz = Megahertz, NA = Not Applicable, NS = Not Specified, US = Ultrasound

Table 6: Scintigraphy characteristics

Study (Scin-
tigraphy)

Labeling of: Labeling 
by:

Amount of 
tracer

Scans Criteria used for 
image analysis

Kolkman 
1996 (14)

Antigranulocyte 
antibodies

Tc-99m 
HMPAO 

NS 2 scans (at 
1 hrs and 4 
hrs)

Uptake of tracer 
compared to bone 
marrow and liver

Biancone 
1997 (30)

Leukocytes Tc-99m 
HMPAO

185 MBq 2 scans (at 
30 min and 3 
hrs)

Uptake of tracer 
compared to bone 
marrow and liver

Sciarretta 
1998 (29)

Leukocytes Tc-99m 
HMPAO

370–555 
MBq

3 scans (at 
30 min, 
2–2.5 hrs and 
24 hrs)

Uptake of tracer 
compared to bone 
marrow and liver

MBq = Megabecquerel, NS = Not Specified, Tc-99m HMPAO = Technetium hexamethylpro-
pyleneamine oxime
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studies patients were recruited consecutively [13; 15; 16; 18-22; 24; 27]. Studies 
included patients with clinically suspected IBD, known IBD/Crohn’s disease, or a 
combination of both (resp. 12, 4 and 3 studies). More specific inclusion criteria were 
given in 15 articles (Table 2).

Imaging characteristics

Imaging equipment and specifications are presented in tables 3–6. Bowel preparation 
(fasting and/or laxatives) was used in eight studies (1 CT, 7 MRI) [13; 17-22; 24]. 
Luminal contrast medium was used in 10 studies (3 CT, 7 MRI) [12-14; 17-19; 21; 
23-25], of which one used enteroclysis [23]. Intravenous contrast medium was used 
in 13 studies (2 CT, 11 MRI) [12; 13; 15-25]. 

Reference test

Endoscopy, biopsies and intra-operative findings were used in 13, 4 and 8 studies, 
respectively (Table 7). Three studies recorded results for both endoscopy and 
histology from biopsies and/or intra-operative findings, for which we used the 
histologic data in our analysis [26; 29; 30].

Figure 4. Scatter plots to investigate outlier studies and publication bias. Overall grading 
accuracies (%) were plotted against sample size (n) for all studies.
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Imaging and reference test interpretation

Thirteen of the studies used an interval of less than one month between imaging and 
reference test [13; 15-19; 22; 24; 25; 27-30]. The imaging features most commonly 
used for evaluation of disease activity were bowel wall thickness and post-contrast 
enhancement (or tracer uptake for scintigraphy), both used in 17 studies (Table 7). 
Imaging and reference test criteria for each study are presented in the supplementary 
materials.

Publication bias 

Linear regression analysis on MRI per-patient data showed a regression coefficient of 
0.4 (95%CI: -0.9–0.9), with no significant relationship between accurate grading and 
1/√ESS (P=0.09). Data in other groups was deemed insufficient for performing linear 
regression analyses.

Data and data-analysis

Results from our data-analysis are presented in table 8. Three by three contingency 
tables for each study can be found in the supplementary materials.

Figure 5. Overall grading accuracy, over- and undergrading (95% CI) per study on a per-patient 
and per-segment basis.
Study  Index Overall   Overgrading Undergrading            Overall                  Overgrading                   Undergrading
  test accuracy                         accuracy
Per-patient

Mao 2013   CT 78% (61–89%) 19% (9–36%) 3% (0–19%)  
Mohamed 2012 CT 96% (77–99%) 0% (0–28%) 4% (1–23%)  
Schil 2013   MRI 99% (91–100%) 0% (0–10%) 1% (0–9%)
Gallego 2011  MRI 77% (65–86%) 16% (9–28%) 7% (3–16%)
Koilakou 2010  MRI 92% (74–98%) 8% (2–26%) 0% (0–28%)
Horsthuis 2010: ob1 MRI 47% (24–71%) 7% (1–35%) 47% (24–71%)
Horsthuis 2010: ob2 MRI 27% (10–53%) 7% (1–35%) 67% (41–85%)
Horsthuis 2010: ob3 MRI 67% (41–85%) 13% (3–41%) 20% (7–47%) 
Girometti 2008  MRI 91% (79–97%) 4% (1–16%) 4% (1–16%)
Horsthuis 2006: ob1 MRI 55% (34–75%) 30% (14–53%) 15% (5–38%)
Horsthuis 2006: ob2 MRI 75% (52–89%) 10% (3–32%) 15% (5–38%)
Florie 2005: ob1 MRI 61% (43–77%) 26% (13–44%) 13% (5–30%)
Florie 2005: ob2 MRI 58% (40–74%) 26% (13–44%) 16% (7–33%)
Shoenut 1994 MRI 100% (58–100%) 0% (0–42%) 0% (0–42%)
Shoenut 1993  MRI 74% (50–89%) 21% (8–45%) 5% (1–29%)
Drews 2009 US 44% (28–61%) 25% (13–43%) 31% (18–49%)
Biancone 1997 SG 40% (16–70%) 10% (1–47%) 50% (22–78%)

Per-segment

Kolkman 1996 CT 87% (77–93%) 0% (0–10%) 13% (7–23%)
Schreyer 2005 (1) MRI 82% (76–87%) 2% (1–5%)  16% (11–22%)
Schreyer 2005 (2) MRI 67% (56–76%) 0% (0–9%)  33% (24–44%)
Neye 2004  US 75% (67–82%) 8% (4–14%) 17% (11–24%)
Bozkurt 1996 US 56% (49–63%) 33% (27–40%) 10% (7–16%)
Sciarretta 1998 SG 86% (78–92%) 5% (2–11%) 9% (5–17%)
Kolkman 1996 SG 86% (75–92%) 3% (1–11%) 11% (6–21%)

CT = Computed Tomography, MRI = Magnetic Resonance Imaging, US = Ultrasound, SG = Scintigraphy

 0     20    40    60   80   100
                      %

 0     20    40    60   80   100
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Per-patient

Data was provided on a per-patient basis in 13 studies (evaluating CT in 2, MRI in 9, 
US in 1 and scintigraphy in 1) (Figure 4). 
CT and MRI data were pooled for each modality. US and scintigraphy were not pooled, 
as only one dataset was available for each modality. CT, MRI, US and scintigraphy 
showed accurate grading estimates of 86% (95%CI: 75–93%), 84% (95%CI: 67–93%), 
44% (95%CI: 28–61%) and 40% (95%CI: 16–70%), respectively. CT and MRI showed 
similar overall grading accuracy (P=0.8), both higher than US (P=0.0001 and 
P=0.001, respectively) and scintigraphy (P=0.003 and P=0.01, respectively). CT and 
MRI showed similar overgrading (P=0.8) and undergrading (P=0.5). Both showed 
less undergrading than US (P=0.002 and P=0.003, respectively) and scintigraphy 
(P=0.0005 and P=0.001, respectively). 

Per-segment

Data was provided on a per-segment basis in six articles, of which one evaluated 
both CT and scintigraphy, two evaluated MRI, two evaluated US and one evaluated 
scintigraphy, respectively (Figure 4). MRI, US and scintigraphy data were pooled for 
each modality. Data on CT was not pooled, as only one dataset was available. Overall 
grading accuracy was 87% (95%CI: 77–93%) for CT, 78% (95%CI: 72–82%) for MRI, 
66% (95%CI: 52–78%) for US and 86% (95%CI: 80-91%) for scintigraphy. CT showed 
a similar overall grading accuracy to MRI (P=0.08) and scintigraphy (P=0.8) and a 
higher accuracy than US (P=0.001). Scintigraphy showed a higher overall accuracy 
than MRI (P=0.03) and US (P=0.003). US overgraded more than CT (P=0.03), MRI 
(P=0.0007) and scintigraphy (P=0.03). MRI undergraded more than US (P=0.008) and 
scintigraphy (P=0.004). 
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Table 8. Comparison table with results for imaging tests from the 3x3 data-analysis and 4x4 
subgroup-analysis and corresponding P-values.

Overall grading accuracy Overgrading Undergrading

3x3 Per-patient
(13 datasets)

CT vs MRI 0.86 vs 0.84 (P=0.8) 0.10 vs 0.09  (P=0.8) 0.03 vs 0.06 (P=0.5)

CT vs US 0.86 vs 0.44 (P=0.0001) 0.10 vs 0.25 (P=0.07) 0.03 vs 0.31 (P=0.002)

CT vs SG 0.86 vs 0.40 (P=0.003) 0.10 vs 0.10 (P=1.0) 0.03 vs 0.50 (P=0.0005)

MRI vs US 0.84 vs 0.44 (P=0.001) 0.09 vs 0.25  (P=0.03) 0.06 vs 0.31 (P=0.003)

MRI vs SG 0.84 vs 0.40 (P=0.01) 0.09 vs 0.10  (P=0.9) 0.06 vs 0.50 (P=0.001)

US vs SG 0.44 vs 0.40 (P=0.8) 0.25 vs 0.10 (P=0.3) 0.31 vs 0.50 (P=0.3)

Per-segment
(7 datasets)

CT vs MRI 0.87 vs 0.78 (P=0.08) 0.00 vs 0.01 (P=0.7) 0.13 vs 0.21 (P=0.1)

CT vs US 0.87 vs 0.66 (P=0.001) 0.00 vs 0.18 (P=0.03) 0.13 vs 0.13 (P=1.0)

CT vs SG 0.87 vs 0.86 (P=0.8) 0.00 vs 0.04 (P=0.2) 0.13 vs 0.10 (P=0.5)

MRI vs US 0.78 vs 0.66 (P=0.1) 0.01 vs 0.18 (P=0.0007) 0.21 vs 0.13 (P=0.008)

MRI vs SG 0.78 vs 0.86 (P=0.03) 0.01 vs 0.04 (P=0.09) 0.21 vs 0.10 (P=0.004)

US vs SG 0.66 vs 0.86 (P=0.003) 0.18 vs 0.04 (P=0.03) 0.13 vs 0.10 (P=0.4)

4x4 Per-patient
(8 datasets)

CT vs MRI 0.81 vs 0.67 (P=0.3) 0.15 vs 0.15 (P=0.9) 0.04 vs 0.12 (P=0.3)

CT vs SG 0.81 vs 0.40 (P=0.02) 0.15 vs 0.10 (P=0.7) 0.04 vs 0.50 (P=0.007)

MRI vs SG 0.67 vs 0.40 (P=0.2) 0.15 vs 0.10 (P=0.7) 0.12 vs 0.50 (P=0.03)

Per-segment
(3 datasets)

CT vs US 0.86 vs 0.67 (P=0.005) 0.00 vs 0.15 (P=0.03) 0.14 vs 0.18 (P=0.5)

CT vs SG 0.86 vs 0.83 (P=0.6) 0.00 vs 0.06 (P=0.2) 0.14 vs 0.11 (P=0.6)

US vs SG 0.67 vs 0.83 (P=0.009) 0.15 vs 0.06 (P=0.04) 0.18 vs 0.11 (P=0.2)

Discussion

In this study we have shown that MRI and CT have a high accuracy for grading of 
Crohn’s disease activity. These findings are important as cross-sectional imaging 
plays an increasing role in the assessment of Crohn’s disease activity and there 
has been on-going debate which modality should be the preferred choice [31-33]. 
Several studies have compared two or more modalities in the same patient group 
[34-37], but had relatively small sample sizes or only evaluated the terminal ileum. 

CT and MRI showed similar accuracy in grading Crohn’s disease activity (86% and 
84% on a per-patient basis, respectively) and no significant differences in accuracy 
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were seen between these two modalities. Data on over- and undergrading showed 
similar results for CT and MRI, further strengthening our conclusion of their equality. 
Scintigraphy showed a high accuracy of 86% in the per-segment data, while an accuracy 
of 40% was reported in per-patient data. However, per-patient data for scintigraphy 
was reported in only one study with a small sample size (n=10) [30]. Furthermore, 
scintigraphy had the least included patients (n=58) in our meta-analysis. US showed 
low accuracies of 66% in the per-patient data and 44% in the per-segment data. 
However, a relatively small number of patients (n=86) were included. In addition, no 
eligible studies evaluated luminal or intravenous contrast medium for US. Especially 
the use of intravenous contrast is seen as a promising technique and could have 
increased the accuracy of US. We evaluated the possibility of performing subgroup 
and covariate analyses on the differences in technique, imaging criteria, reference 
methods and methodological criteria. However, the results of these analyses would 
not be meaningful due to the limited amount of available data. 

To our knowledge, there has been one earlier meta-analysis that evaluated only 
MRI for grading Crohn’s disease activity. However, no comparison was made with 
other imaging techniques and only studies published until 2007 were included [4]. 
Our study adds to the current literature by providing a meta-analysis that includes 
and compares all commonly used imaging modalities for grading of Crohn’s disease 
activity. 

The observed heterogeneity of the grading criteria for both index and reference tests 
in our included studies, our adjustment to construct 3x3 tables and the differences 
in available data between imaging modalities were the major limitations of this 
meta-analysis. The grading criteria for index and reference tests differed per study 
and different imaging features were used. However, the included studies showed 
considerable overlap in use of imaging features and grading criteria. No generally 
accepted scoring systems exist for imaging of Crohn’s disease. To construct 3x3 
tables from original 4x4 data we merged moderate and severe disease into one 
group. We chose to merge these grades, instead of mild disease and moderate 
disease, based on five articles [18; 19; 21; 24; 26] that originally used 3x3 tables: 
two of these studies stated explicitly that their highest grade represented moderate 
and severe disease combined [21; 24]. The remaining three studies [18; 19; 26] 
used similar grading criteria. In our conclusions we took into account the greater 
availability of data for MRI compared to CT, US and scintigraphy. Furthermore, for 
US and scintigraphy, studies that reported per-patient data showed different results 
from studies that reported per-segment data. This hampered firm conclusions on 
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US and scintigraphy. There was only one head-to-head comparison study, which 
compared CT and scintigraphy in 17 patients [14]. 

We have selected three reference standards for this meta-analysis [31]. Intra-
operative findings serve as the gold standard for assessment of Crohn’s disease. We 
also included endoscopy and endoscopical biopsies as reference standards, although 
they are not ideal as they are incapable of assessing proximal ileum, jejunum and 
extra-luminal disease, which could have led to incorrect estimation of disease 
activity. At the other hand, surgery is only performed in a selection of patients while 
endoscopy is applied in a wider spectrum. The number of included studies could have 
been increased if video capsule endoscopy (VCE) and/or double-balloon enteroscopy 
(DBE) were also used as a reference standard. We chose not to include these studies, 
because interpretation of VCE and DBE has not yet been standardized and so would 
further increase heterogeneity in our study. Finally, only patients with suspected 
IBD or known Crohn’s disease were included, possibly biasing observers leading to 
overgrading of disease activity.

Assessment of study quality using the QUADAS tool showed an overall moderate 
quality of the studies included in this meta-analysis. The domains of reference 
test and patient flow showed the highest risk of bias, while the domains of patient 
selection and index test showed the lowest risk of bias. Concerns about applicability 
of the patient selection, index and reference tests were generally low.

Recently, Vermeire et al. stated that MR enterography has become the reference 
standard for assessing small and large bowel [38]. From our results we can agree 
with this statement. Considering the radiation exposure of CT, it is unfavourable for 
repeated examinations even with present day reduced ionizing radiation exposure 
per examination, but it still has an important role in the acute setting [39]. Compared 
to endoscopy, MRI is non-invasive and able to investigate trans- and extramural 
disease and makes it possible to evaluate both small bowel and colon in one 
examination. Steps are made to come to a more uniform evaluation of MRI in Crohn’s 
disease, which might increase accuracy [40; 41]. Furthermore, the versatility of MRI 
might be advantageous with new sequences being studied.

In conclusion, CT and MRI can both be used to grade disease activity in Crohn’s 
disease, while no conclusions could be made on US and scintigraphy due to limited 
and inconsistent data.
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Abstract

Objectives

The purpose of this article is to assess the interobserver variability for scoring MRI 
features of Crohn disease activity and to correlate two MRI scoring systems to the 
Crohn disease endoscopic index of severity (CDEIS).

Materials and methods

Thirty-three consecutive patients with Crohn disease undergoing 3.0-Tesla MRI 
examinations (T1-weighted with IV contrast medium administration and T2-weighted 
sequences) and ileocolonoscopy within 1 month were independently evaluated by 
four readers. Seventeen MRI features were recorded in 143 bowel segments and were 
used to calculate the MR index of activity (MaRIA) and the Crohn disease MRI index 
(CDMI) score. Multirater analysis was performed for all features and scoring systems 
using intraclass correlation coefficient (icc) and kappa statistic. Scoring systems were 
compared with ileocolonoscopy with CDEIS using Spearman rank correlation.

Results

Thirty patients (median age, 32 years; 21 women and nine men) were included. 
MRI features showed fair-to-good interobserver variability (intraclass correlation 
coefficient or kappa varied from 0.30 to 0.69). Wall thickness in millimeters, presence 
of edema, enhancement pattern, and length of the disease in each segment showed 
a good interobserver variability between all readers (icc = 0.69, κ = 0.66, κ = 0.62, 
and κ = 0.62, respectively). The MaRIA and CDMI scores showed good reproducibility 
(icc = 0.74 and icc = 0.78, respectively) and moderate CDEIS correlation (r = 0.51 
and r = 0.59, respectively).

Conclusions

The reproducibility of individual MRI features overall is fair to good, with good 
reproducibility for the most commonly used features. When combined into the 
MaRIA and CDMI score, overall reproducibility is good. Both scores show moderate 
agreement with CDEIS.
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Introduction

Crohn disease is a chronic inflammatory bowel disease that can cause a wide variety 
of symptoms. Several scoring systems that can grade disease activity are already 
well established in the management of luminal Crohn disease [1]. The Crohn disease 
endoscopic index of severity (CDEIS), histopathologic grading according to Borley et 
al. [2], and imaging scores such as that for perianal Crohn disease are increasingly 
used [3]. However, there is no universally accepted grading of Crohn disease activity, 
and we are left with a very important clinical problem: Can we grade disease activity 
with any method, and more importantly, how can we predict the outcome of medical 
therapy?
MRI might overcome this problem because it evaluates the bowel lumen, bowel 
wall, and extraenteric soft tissues without the use of ionizing radiation. Therefore, 
MRI is increasingly used to objectively assess Crohn disease activity and to guide 
management [4–7]. Numerous MRI features have been proposed as markers of 
disease activity, either alone or together in varying combinations [8–11]. Despite its 
promise, distinct interobserver variability has been reported for many of these MRI 
features [9, 12, 13].
Clearly, grading of MRI features in Crohn disease must be reproducible when used by 
different observers in different centers to be clinically useful. Increasing data suggest 
that robust MRI assessment of Crohn disease activity should be based on integrating 
several imaging features together, rather than relying on one or two individual 
findings [14]. The combination of selected MRI features into one strong scoring 
system could lead to a more objective, quantitative, and reproducible grading in the 
severity of Crohn disease and is, therefore, recommended.
Recently, two groups have developed a quantitative scoring system for Crohn disease 
activity: the MR index of activity (MaRIA) and Crohn disease MRI index (CDMI) score 
[13, 15]. The MaRIA has a reported high correlation to the CDEIS (r = 0.80; p < 
0.001), whereas the CDMI score has a high correlation to a histopathology score 
(estimated acute inflammation score) (Kendall τ b = 0.48; p = 0.002). Therefore, 
either scoring system could be considered for assessing Crohn disease activity, but 
their reproducibility needs to be evaluated before wider clinical implementation. 
Furthermore, to our knowledge, no study has compared the accuracy of these two 
scoring systems in an external patient cohort.
The primary aim of this study was to assess the reproducibility of MRI features and 
scoring systems in patients with Crohn disease. The secondary aim was to correlate 
these scoring systems with the CDEIS in an external patient cohort.
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Materials and methods

Patients

Data from 33 consecutive patients with Crohn disease proven at histopathologic 
analysis were analyzed. These patients had taken part in a prospective single-
center study comparing dynamic contrast-enhanced (DCE) MR enterography 
to ileocolonoscopy with CDEIS. The indication for ileocolonoscopy was clinical 
suspicion of relapsing Crohn disease. Exclusion criteria were age younger than 18 
years, contraindications for MRI (including pacemakers, metallic implants, severe 
claustrophobia, and pregnancy), technical failure of a sequence, incomplete reference 
standard (CDEIS), and a negative diagnosis for Crohn disease. All patients had been 
recruited between February 2009 and November 2010 for assessment of Crohn 
disease activity. Furthermore, for all patients, ileocolonoscopy had been performed 
within a month of the MR enterography. The results of that study have been published 
previously [16].
Patient exclusion criteria for this study were non-diagnostic MR enterography image 
quality (i.e., the study was not of sufficient quality to determine disease activity, 
if present) as determined by one or more of the readers and an incomplete MR 
enterography scan protocol (i.e., not including T2-weighted single-shot fast spin-
echo [FSE], T2-weighted fat-saturated single-shot FSE, or 3D T1-weighted contrast-
enhanced sequences, which are mandatory for calculating the scoring systems). Per-
segment exclusion criteria were resected bowel segments and insufficient distention 
or visibility (< 20% of the bowel adequately distended and visible) of a bowel segment, 
as determined by one of the readers.
The Crohn disease activity index (CDAI) score [17] and C-reactive protein levels were 
assessed in all patients. A CDAI score greater than 150 or a C-reactive protein level 
greater than 8 mg/L was considered as active disease.
For the previous study, ethical permission was obtained from the hospital medical 
ethics committee, and written informed consent was obtained from all patients. 
For the current study, informed consent was waived by the hospital medical ethics 
committee.
Finally, three of the 33 patients in the dataset of the prior study were excluded. 
Two observers assessed the quality of one MR enterography study (one patient) as 
nondiagnostic, and for two other MR enterography examinations, no T2-weighted fat 
saturation sequence was available (two patients). Thus, 30 patients (median age, 32 
years; age range, 19–72 years; 21 women and nine men) were evaluated. The CDAI 
values showed that 47% (n = 14) of the patients had active disease. The C-reactive 
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protein values showed that 50% (n = 15) of the patients had active disease. Baseline 
characteristics are shown in Table 1.
These 30 patients had 148 segments (in two patients only four segments were 
eligible after right hemicolectomy) of which five segments, all rectal, were excluded 
because of insufficient visibility, resulting in 143 evaluable segments. The remaining 
143 segments were radiologically scored by the four observers.

MR Enterography Protocol

The protocol of the study has been published previously [16]. Patients fasted 4 hours 
before the examination and drank 1600 mL of mannitol (2.5%; Osmitrol, Baxter) 
solution 1 hour before the scan. Supine images were acquired using a 3-T MRI unit 
(Intera, Philips Healthcare) with a 16-channel torso phased-array body coil. Axial and 
coronal T2-weighted single-shot FSE sequences with and without fat saturation were 
acquired, followed by a coronal 3D T1-weighted spoiled gradient-echo sequence 
with fat saturation. After these series, 20 mg of butylscopolamine bromide (Buscopan, 

Table 1. Demographic characteristics and severity indexes of the study population

Number of patients 30

Male/female 9/21

Age at time of imaging, median (IQR) 32 (26 – 45)

Disease duration, median (IQR) 9 (6 – 13)

Days between ileocolonoscopy and MRI, median (IQR) 7.5 (4.8 – 14) 

Previous surgery, n (%) 16 (53)

Maintenance therapy, n (%) 22 (73)

   Anti-tumor necrosis factor, n (%) 9 (30)

   Steroids, n (%) 6 (20)

   Purine-antagonists, n (%) 12 (40)

   5-ASA, n (%) 2 (7)

   Methotrexate, n (%) 2 (7)

CRP (mg/L), median (IQR) 8.3 (1.3 – 23.4)

CDAI, median (IQR) 140.8 (80.5 – 237)

CDEIS, mean ± SD, median (IQR) 5.4 ± 5.5, 4.3 (0 – 23.4)

CDEIS < 3.5 / 3.5–7 / > 7, n (%) 12 (40) / 11 (36.7) / 7 (23.3) 

IQR: interquartile range; MRI: Magnetic Resonance Imaging; CRP: C-reactive protein; CDAI: 
Crohn’s disease activity index; CDEIS: Crohn’s disease endoscopic index of severity.
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Boehringer Ingelheim) was IV administered, and a DCE-MRI sequence with 0.1 mL/
kg bodyweight of gadobutrol (1.0 mmol/mL; Gadovist, Bayer Schering Pharma) 
was obtained. Ten seconds after the start of the dynamic sequence, 0.1 mL/kg 
bodyweight of gadobutrol (1.0 mmol/mL) was injected IV by bolus injection (5 mL/s) 
through a 20-gauge IV catheter using an automated injection pump (Mallinckrodt 
Optistar, Liebel-Flarsheim). Injection of contrast medium was immediately followed 
by a bolus of 15 or 20 mL saline (5 mL/s), depending on the length of the contrast 
injection tube. The duration of the DCE-MRI sequence was 6 minutes. After these 
series, a second dose of 20 mg of butylscopolamine bromide was IV administered. 
Thereafter, contrast-enhanced axial and coronal 3D T1-weighted spoiled gradient-
echo sequences with fat saturation were performed. All sequences were used for 
image analysis, except the DCE-MRI sequence.

Observers

Four readers from two tertiary centers in different countries with 18 years (700 MR 
enterography studies), 17 years (1100 MR enterography studies), 4 years (170 MR 
enterography studies), and 1 year (160 MR enterography studies), of experience in 
reading abdominal MRI evaluated the MRI scans using the axial and coronal T2-
weighted single-shot FSE with and without fat saturation, coronal unenhanced, 
and axial and coronal contrast-enhanced 3D T1-weighted spoiled gradient-echo 

Table 2. Sequences at 3.0-Tesla used to assess all MRI features [16]

Sequences T2-w
SSFSE

T2-w
SSFSE

3D T1-w
SPGE

3D T1-w
SPGE

Plane Axial and coronal Axial and coronal Coronal Axial

Fat saturation No Yes Yes Yes

TR (ms) 516-758 1370-1450 1.87-2.19 1.87-2.19

TE (ms) 65-118 70 1.0 1.0

Flip angle (degrees) 90 90 10 10

Slice thickness/gap 
(mm) 4/1 7/1 x x

Slices 40 45 100 180

FOV (mm) 400x400 375x300 400x400x200 400x400x140

Matrix 256*256 288*288 192*192*100 208*208*70

SENSE factor 2.5 2 1.5 2

SSFSE: single shot fast spin echo; SPGE: spoiled gradient echo sequence; TR: repetition time; TE: 
echo time; FOV: field of view; SENSE: sensitivity encoding .
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sequences (Table 2). All readers used a PACS (Impax 5.0, AGFA Healthcare, Agfa-
Gevaert) workstation. All readers were unaware of the findings at the initial reading 
and the findings from ileocolonoscopy but were aware of patients’ surgical history. 
The small bowel and the colon were divided into five segments: terminal ileum, right 
colon (cecum plus ascending colon), transverse colon, left colon (descending colon 
plus sigmoid), and rectum, so there could be a direct segment comparison between 
MRI and the CDEIS.

MRI Features

Seventeen different MRI features (Table 3) were evaluated by all readers. Features 
were selected according to the MRI features described in the literature and used by 
most abdominal radiologists as identified in an international inventory, together with 
those used in the two published scoring systems [13, 15, 18]. The most affected part 
of the segment was chosen for scoring.
The following MRI features were used to calculate the MaRIA: mural thickness in 
millimeters, relative contrast enhancement, and the presence of edema and ulcers. 
These features have been proven to be significantly correlated to the CDEIS. The MaRIA 
was calculated using the following formula: (1.5 × wall thickness in millimeters) + 
(0.02 × relative contrast enhancement) + (5 × edema) + (10 × ulceration) [13].
For the overall CDMI score, the following four features—mural thickness, mural 
T2 signal, perimural T2 signal, and mural T1 enhancement—were scored on a 
scale of 0 to 3, resulting in a maximum score of 12 [15]. These four features were 
selected because they were found to be significantly correlated with disease activity 
according to an endoscopic biopsy acute inflammatory score. In addition, the sum 
of the scores for mural thickness, mural T2 signal, perimural T2 signal, and contrast 
enhancement showed the highest accuracy [15]. Furthermore, the following features 
were assessed: abscess, comb sign, enlarged (> 1 cm) lymph nodes, fistulas, lymph 
node enhancement, pattern of mural enhancement, pseudopolyps, and total length 
of the disease in each segment.
The MRI features with regard to lymph nodes were scored per patient; all other features 
were assessed per segment. The readers used the same method as described in 
detail in the articles about the MaRIA and the CDMI score [13, 15]. For calculating the 
relative contrast enhancement involved, we used the formula as described in Rimola 
et al. [13] [(WSI contrast-enhanced – WSI unenhanced) / WSI unenhanced] × 100 × 
(SD noise unenhanced / SD noise contrast-enhanced). Here, WSI is the wall signal 
intensity, SD noise unenhanced corresponds to the average of three SD of the signal 
intensity measured outside of the body before gadolinium-based contrast agent 
injection, and SD noise contrast-enhanced corresponds to the SD of the same noise 
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Table 3. MRI Features, by category and score

CDMI features

Score 0 1 2 3

Mural thickness 1 - 3 mm > 3 - 5 mm > 5 – 7 mm > 7 mm

Mural T2 signal Normal bowel wall Minor increase in 
signal-bowel wall 

appears dark grey on 
fat saturated images

Moderate increase 
in signal-bowel wall 
appears light grey on 
fat saturated images

Marked increase in 
signal-bowel wall 
contains areas of 
white high signal 

approaching that of 
luminal content

Perimural T2 signal Equivalent to normal 
mesentery

Increase in 
mesenteric signal but 

no fluid

Small fluid rim 
(≤ 2 mm)

Larger fluid rim 
(> 2 mm)

T1 Enhancement Equivalent to normal 
bowel wall

Minor enhancement-
bowel wall signal 

greater than normal 
small bowel but 
significantly less 

than nearby vascular 
structures

Moderate 
enhancement-bowel 
wall signal increased 
but somewhat less 

than nearby vascular 
structures

Marked 
enhancement-

bowel wall signal 
approaches that 

of nearby vascular 
structures

MaRIA features

Wall thickness in mm

RCE

Edema Absent Present

Ulcers Absent Present

Other features 

Comb Sign Absent Present

Abcess Absent Present

Fistulas Absent Present

Pseudopolyps Absent Present

Lymph nodes (>1cm)a Absent Present

Lymph nodes 
(size/ number)a

Absent Cluster < 1 cm 1 node > 1 cm 3 nodes > 1 cm

Lymph node 
enhancementa

Less than nearby 
vascular structure

Equivalent or greater 
than nearby vascular 

structure

Mural enhancement
patternb

N/A Homogeneous Mucosal Layered

Total length of 
disease in segment

0cm 0-5 cm 5-15 cm >15 cm

RCE: relative contrast enhancement
a  per patient
b Enhancement pattern was classified as homogeneous (with all bowel wall enhancing equally), 
(sub)mucosal only (with only the innermost wall layer enhancing), or layered (with both (sub)
mucosal and serosal bowel wall layers enhancing, with a central band of relatively reduced 
enhancement of the muscular layer).
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after gadolinium-based contrast agent administration [19]. Ulcerations (defined as 
deep depressions in the mucosal surface of a thickened segment) and the short-axis 
diameters of enlarged lymph nodes were assessed on contrast-enhanced 3D T1-
weighted spoiled gradient-echo images with fat saturation.
Eight of the MRI features are common to the MaRIA and CDMI score but were assessed 
using different definitions of abnormality according to the particular scoring system. 
Specifically, mural thickness was measured using an ordinal score (0–3) and as a 
continuous variable in millimeters using calipers on either single-shot FSE or spoiled 
gradient-echo sequences. T1 contrast enhancement was measured using an ordinal 
score (0–3) and using relative contrast enhancement [19]. Lymph nodes were assessed 
using an ordinal (0–3) score and a binominal score (yes/no). T2 signal was measured 
using an ordinal score (0–3) and a binominal score (edema; yes/no).

Reference Standard

Colonoscopy was performed after standard bowel preparation by either a 
gastroenterologist or a senior resident in gastroenterology under direct supervision 
of a gastroenterologist, using a standard colonoscope. The performing endoscopist 
was aware of the patient’s history but was blinded to the MRI results. Segments were 
excluded from the analysis if they could not be scored during ileocolonoscopy. One 
of two gastroenterologists experienced in endoscopy of inflammatory bowel disease 
assessed the CDEIS [1]. A segmental CDEIS was calculated using the variables of deep 
ulceration (no = 0, yes = 12), superficial ulceration (no = 0, yes = 6), surface involved 
by disease (0–10), and ulcerated surface (0–10) for each of five bowel segments 
(terminal ileum, right colon, transverse colon, left colon, and rectum). The reference 
standard has been described in detail elsewhere [16]. In six patients, the terminal 
ileum could not be assessed during ileocolonoscopy because of a stenosis; therefore, 
137 segments were correlated to the segmental CDEIS scores.
The median time between colonoscopy and MRI was 7 days (interquartile range, 5–14 
days). MRI and colonoscopy were not performed on the same day. The median CDEIS 
was 4.3 (interquartile range, 1.6–5.8).

Data Analyses

Several multirater analyses were performed for all features individually and for the 
overall MaRIA and CDMI score to assess the interobserver agreement. For all ordinal 
data, a weighted kappa coefficient was calculated per two raters and eventually was 
pooled. For the binomial data, a multirater kappa coefficient was used, which was 
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also calculated per two raters and pooled. For continuous data, a multirater intraclass 
correlation coefficient was determined.
In addition, the scores of both of the most experienced abdominal radiologists were 
analyzed post hoc. This was done to evaluate whether experience would positively 
influence the reproducibility values. Both the kappa and intraclass correlation 
coefficient values interpretation was as follows: 0–0.20, poor; 0.21–0.40, fair; 0.41–
0.60, moderate; 0.61–0.80, good; and 0.81–1.00, excellent [20].
For an overall correlation, we first calculated means of MaRIA scores and CDMI scores 
per segment for all four observers and correlated these values with the CDEIS scores. 
Because the segmental scores were interpreted as continuous variables, the Spearman 
correlation was used to correlate the segmental CDEIS scores to the segmental 
MaRIA and segmental CDMI scores. Correlation coefficient values were interpreted as 
follows: 0.0, not correlated; 0.2, weakly correlated; 0.5, moderately correlated; 0.8, 
strongly correlated; and 1.0, perfectly correlated. Statistical analysis was performed 
in Excel 2003 (Microsoft) using PASW statistics software (version 19, SPSS).
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Results

MRI Features

All MRI features showed a fair to good interobserver variability (Table 4). Wall 
thickness measured in millimeters reported highest agreement of 0.69 (95% CI, 0.62–
0.75). In addition to wall thickness measured in millimeters, the presence of edema, 
the pattern of enhancement, and the length of the disease in each segment showed 
a good interobserver variability between all readers (Figs. 1–3).

The results for measuring wall thickness in millimeters for experienced radiologists 
were significantly better than the multirater data and showed an excellent 
interobserver variability of 0.87 (95% CI, 0.82–0.90). The incidence of abscesses, 
fistulas, and pseudopolyps was very low in our study. Therefore, only the overall 
agreement among all readers (0.96, 0.94, and 0.99) is reported. Good interobserver 
variability was reported for abscesses and fistulas between the most experienced 
readers (0.66 and 0.66). Furthermore, the comb sign and lymph node assessment 
improved from fair to moderate agreement (0.51 and 0.58, respectively) for the 
experienced readers, suggesting that prior experience with MRI is an advantage in 
the assessment of these features.

MRI Scoring Systems

Reproducibility — The MaRIA and CDMI scores showed good interobserver variability 
(0.74 and 0.78, respectively) in the assessment of Crohn disease activity for all 
readers (Table 5). There was a minimal increase in the reproducibility (0.80 and 0.81, 
respectively) for the MaRIA and the CDMI scores between the two experienced readers 
only. For the segmental scores of the four observers, median MaRIA was 4.90 (range, 
1.22–35.62), and the median CDMI score was 0 (range, 0–12) (Fig. 4).

Correlation to the CDEIS — Both MaRIA and CDMI scores correlated moderately with 
segmental CDEIS (r = 0.51 [95% CI, 0.38–0.63] and r = 0.59 [95% CI, 0.47–0.69], 
respectively).
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Table 4.  Multirater kappa and intraclass correlation coefficient values

MRI Features All readers Experienced radiologists

CDMI features 

Mural Thickness 0.59 (95% CI: 0.47-0.70) 0.74 (95% CI: 0.63-0.85)

Mural T2 signal 0.55 (95% CI: 0.44-0.66) 0.39 (95% CI: 0.27-0.52)

Perimural T2 signal 0.30 (95% CI: 0.15-0.45) 0.37 (95% CI: 0.20-0.55)

T1 enhancement 0.57 (95% CI: 0.46-0.68) 0.60 (95% CI: 0.50-0.70)

MaRIA features

Wall thickness in mm 0.69 (95% CI: 0.62-0.75) 0.87 (95% CI: 0.82-0.90)

Relative Contrast Enhancement 0.42 (95% CI: 0.33-0.51) 0.55 (95% CI: 0.42-0.65)

Edema 0.66 (95% CI: 0.59-0.72) 0.57 (95% CI: 0.41-0.74)

Ulceration No ulceration was seen by all readers in 
137 segments. 
Overall agreement: 137/143=0.96

No ulceration was seen by the two 
readers in 138 segments. 
Overall agreement: 138/143=0.97

Other features

Comb signa 0.39 (95% CI: 0.30-0.49)* 0.51 (95% CI: 0.34-0.67)

Abscess No abscess was seen by all readers in 
137 segments.
 Overall agreement: 137/143=0.96

0.66 (95% CI: 0.05-1.28)

Fistula No fistula was seen by all readers in 
135 segments. 
Overall agreement: 135/143=0.94

0.66 (95% CI: 0.22-1.10)

Pseudopolyps No pseudopolyp was seen by all 
readers in 141 segments. 
Overall agreement: 142/143=0.99

No pseudopolyp was seen by all 
readers in 142 segments.
 Overall agreement: 142/143=0.99

Lymph nodes (> 1 cm)b 0.35 (95% CI: 0.21-0.50) 0.58 (95% CI: 0.23-0.94)

Lymph nodes (size/number)b 0.36 (95% CI: 0.13-0.59) 0.55 (95% CI: 0.31-0.78)

Lymph node enhancementb 0.47 (95% CI: 0.32-0.61) 0.22 (95% CI:-0.13-0.58)

Enhancement pattern 0.62 (95% CI: 0.49-0.75) 0.71 (95% CI: 0.59-0.83)

Length of disease 0.62 (95% CI: 0.51-0.73) 0.64 (95% CI: 0.53-0.74)

Except for wall thickness in mm and relative contrast enhancement, data are kappa value (95% 
CI). For wall thickness in mm and relative contrast enhancement, data are intraclass correlation 
coefficient (95% CI).
a One reader did not score comb sign in all segments and was excluded from the analysis.
b Lymph nodes were scored per patient.

Table 5. Interobserver variability of two MRI scoring systems. 

MRI scoring systems All readers Experienced radiologists

CDMI 0.78 (95% CI: 0.73-0.83) 0.81 (95% CI: 0.74-0.86)

MaRIA 0.74 (95% CI: 0.68-0.79) 0.80 (95% CI: 0.73-0.85)

Data are multirater intraclass correlation coefficients (95% CI).



51

Grading Crohn’s disease activity with MRI: Interobserver variability and correlation with CDEIS

3

Discussion

This study shows variable reproducibility of many individual MRI features advocated 
in the assessment of Crohn disease activity. Four features (wall thickness in 
millimeters, the presence of edema [yes/no], enhancement pattern [0–3], and length 
of the disease in each segment [0–3]) had good reproducibility, whereas extramural 
MRI features such as perimural T2 signal, comb sign, and lymph nodes showed 
only fair reproducibility. When individual features were combined into two scoring 
systems proposed in the literature (MaRIA and CDMI), interobserver variability was 
good across four readers.
Our study has several strengths: four readers from two international expert centers 
assessed a large number of bowel segments using different features and two scoring 
systems. In addition, four specific MRI features were measured in two different ways 
within the two scoring systems [13, 15], and we applied both definitions to determine 
which method is most reproducible. The MRI scoring systems were correlated to 
the CDEIS per segment, an objective activity index in comparison with clinical and 
biochemical parameters [21]. Overall, we showed that the recently developed MRI 
scoring systems showed good-to-excellent reproducibility and moderate correlation 
to the CDEIS.
The reproducibility of several, mainly extramural, MRI features showed only fair 
reproducibility, and some authors have reported a higher interobserver variability 
[9, 13, 22] than in our study. Conversely, the variable interobserver agreement in 
our study is more in concordance with other data [12, 23–25]. An explanation of 
this distinction might be in the severity of the disease of the included patients. 
Severe disease is easier to diagnose than mild disease, because in the former, the 
MRI features are most pronounced [4]. Importantly, mural thickness, T1 contrast 
enhancement, and T2 wall signal indicating edema are considered important MRI 
features of activity [18]. These features are common to both the MaRIA and the CDMI 
score, and, reassuringly, all showed moderate-to-good interobserver variability.
Although the aforementioned important MRI features may be considered as the basic 
elements of both systems, they are defined in different ways. In the CDMI score, 
only qualitative variables are used, whereas in the MaRIA, predominantly quantitative 
data are extracted. Using quantitative data as in the MaRIA score might lead to a 
more precise grading of disease activity, although it is more time consuming, 
which potentially limits the use of this score in the clinical setting. An example is 
the measurement of the relative contrast enhancement, where region of interest 
measurements are used. Region of interest–based measurements have a known poor 
interobserver variability [24]. In accordance, our study showed lower reproducibility 
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Fig. 1. 29-year-old woman with Crohn disease. Axial T2-weighted single-shot fast spin-echo 
image with fat saturation is shown. All readers reported presence of edema (arrow), moderate 
(grade 2) increase in signal intensity in bowel wall, and wall thickness of more than 7 mm.

Fig. 2. 19-year-old woman with Crohn 
disease. Coronal contrast-enhanced 
3D T1-weighted spoiled gradient-echo 
image with fat saturation is shown. All 
readers reported marked (grade 3) and 
layered pattern of T1 enhancement 
(arrow) and wall thickness of more than 
7 mm in transverse colon.
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Fig. 3. 35-year-old woman who previously underwent ileocecal resection. Colonoscopy showed 
mild terminal ileitis and mild colitis with superficial ulcerations.
On axial (A) and coronal (B) contrast-enhanced 3D spoiled gradient-echo images with fat 
saturation, three MRI readers noted presence of fistula (arrow, A and B) in neoterminal ileum and 
moderate (grade 2) mural T1 enhancement (arrowheads, A) with layered pattern of transverse 
colon. Mild increase (grade 1) in T2 mural signal (arrowhead, C) and large perimural fluid rim 
(grade 3; arrow, D) were seen on axial T2-weighted single-shot fast spin-echo images with fat 
saturation.
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of relative contrast enhancement (0.42), in comparison with grading T1 enhancement 
from 0 to 3 (0.57).
In addition to contrast enhancement, three other MRI features are defined in two 
different ways in the literature. The measurement of edema is essential in the 
management of Crohn disease to differentiate intestinal inflammation from fibrosis. 
Our study reported a higher reproducibility when edema was measured binomially 
(yes/no) rather than ordinally (0–3). Mural thickness measured in millimeters is not only 
more objective than using a qualitative variable, it also has higher reproducibility. The 
interobserver variability of lymph node measurement described in the development of 
the MaRIA [13] and the CDMI score [15] showed similar fair interobserver agreement. 
These findings clarify how features can be most reproducibly measured and might 
result in a more consistent use in the future.
It is generally assumed that any new radiologic technique such as MR enterography 
has an associated learning curve for accurate interpretation. We therefore investigated 
whether experience might have influenced the reproducibility values. We had two 
experienced (700 or more MR enterography studies) and two less-experienced (170 
or more MR enterography studies) readers. The assessment of just five of the tested 
MRI features showed improved reproducibility values when measured by experienced 
readers. Interobserver variability of enlarged lymph nodes (> 1 cm), lymph nodes 

Fig. 4. Box-and-whisker plots of index activity scores.  Graphs show the 2.5, 25, 50, 75 and 
97.5 percentile of the 143 segmental MaRIA (A) and the 143 segmental CDMI scores (B) of 
all readers separately and combined. Median segmental score for all readers was 4.90 and 0, 
respectively.
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(size and number; 0–3), comb sign, mural thickness (0–3), and mural thickness 
measured in millimeters increased from fair to moderate, moderate to good, or good 
to excellent, respectively. This could be because the less-experienced readers were 
not used to assessing these features.
One could argue that some MRI features may have shown a higher reproducibility 
when scored by experienced observers only. However, our data showed only a small 
increase in kappa or intraclass correlation coefficient values for only a few MRI 
features between experienced observers only. This is in accordance with findings 
of a previous study in which reproducibility of bowel-wall gadolinium enhancement 
measurements was determined [24].
To our knowledge, our study is the first to compare the reproducibility of multiple 
MRI features and two scoring systems and to describe the interobserver variability of 
similar MRI features measured in different ways. Although certain individual features 
(e.g., perimural T2 signal, ulcerations, and relative contrast enhancement) showed 
only fair interobserver variability, importantly, when combined together in both the 
CDMI score and the MaRIA, the results showed good reproducibility.
The correlation to the CDEIS in our study, which is lower than that reported by Rimola 
et al. [13] for the MaRIA in their study, might be explained by the different study 
protocols. We used a less-extensive method of contrast agent administration than 
was used to develop the MaRIA, where warm water was retrogradely instilled into the 
colon. In addition, our study cohort primarily comprised patients with mild disease 
activity, whereas the MaRIA was developed in a cohort including patients with more-
severe disease activity. This may explain a lower correlation to the CDEIS and a low 
detection rate of ulcerations in our series than in the original article about the MaRIA 
[13]. On the other hand, the correlation to endoscopic activity is in concordance 
with previous research [26, 27]. Furthermore, our protocol contained late phase IV 
contrast-enhanced series, which may have affected the evaluation of the contrast-
enhanced series.
A number of limitations have to be acknowledged. The CDEIS is not a perfect reference 
standard because it assesses the mucosa only and gives little information on the trans-
mural and extramural disease extent. However, endoscopy remains the reference 
standard for Crohn disease activity. We chose MR enterography as the contrast 
agent administration technique, because it is the most commonly used technique 
for bowel distention for patients with Crohn disease and is better accepted than MR 
enteroclysis [28]. Neither MR enterography nor MR enteroclysis is aimed at optimal 
colonic distention, although colonic distention will be obtained to a variable extent. 
In our study, sufficient colonic distention and visibility were achieved in all but five 
patients in which the rectum was inadequately visible. The MaRIA was developed in a 
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cohort using both MR enterography and rectal fluid administration. This difference in 
bowel preparation may, at least in part, explain the different correlation between the 
MaRIA and CDEIS in this study as compared with the studies by the Barcelona group 
that introduced this score [13, 29]. Recent articles have reported that motility can be 
changed in affected small-bowel locations in Crohn disease [30, 31]. However, our 
protocol did not contain cine MR motility series and, therefore, we could not study 
the scoring system developed by Girometti et al. [32].
Along with ulcerations, abscesses, fistulas, and pseudopolyps were rarely seen in our 
data. This is in line with the daily clinical experience in our tertiary referral centers 
and reflects the patient spectrum in our institutions. To accurately determine the 
interobserver variability of these features, analysis of a group of patients with larger 
disease severity might elucidate the reproducibility of these features.
We did not perform an intraobserver analysis, because the intraobserver variability 
is generally higher than the interobserver agreement, which is intuitive because one 
would expect an observer to agree more with himself or herself than with another 
reader. Another methodologic limitation might be that we only used MRI examinations 
obtained at 3 T, but we do not expect substantial differences in evaluation of the 
features, MaRIA score, and CDMI score compared with 1.5 T. Indeed, one study has 
reported that 3 T is equally accurate as 1.5 T in the assessment of Crohn disease [33].
In summary, some commonly used MRI features have good reproducibility among four 
readers. Two recently developed scoring systems, the CDMI and MaRIA scores, have 
good reproducibility and have moderate agreement with CDEIS. Additional research 
in a larger cohort of patients, including all disease stages and with more than one 
reference standard, has to be performed before a global accurate MRI scoring system 
can be implemented in clinical trials and daily clinical practice.
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Abstract

Objectives

To prospectively compare conventional MRI sequences, dynamic contrast enhanced 
(DCE) MRI and diffusion weighted imaging (DWI) with histopathology of surgical 
specimens in Crohn’s disease.

Materials and methods

3.0-Tesla MR enterography was performed in consecutive Crohn’s disease patients 
scheduled for surgery within 4 weeks. One to four sections of interest per patient 
were chosen for analysis. Evaluated parameters included mural thickness, T1 ratio, 
T2 ratio; on DCE-MRI maximum enhancement (ME), initial slope of increase (ISI), 
time-to-peak (TTP); and on DWI apparent diffusion coefficient (ADC). These were 
compared with location-matched histopathological grading of inflammation (AIS) 
and fibrosis (FS) using Spearman correlation, Kruskal–Wallis and Chi-squared tests.

Results

Twenty patients (mean age 38 years, 12 female) were included and 50 sections (35 
terminal ileum, 11 ascending colon, 2 transverse colon, 2 descending colon) were 
matched to AIS and FS. Mural thickness, T1 ratio, T2 ratio, ME and ISI correlated 
significantly with AIS, with moderate correlation (r = 0.634, 0.392, 0.485, 0.509, 
0.525, respectively; all P < 0.05). Mural thickness, T1 ratio, T2 ratio, ME, ISI and ADC 
correlated significantly with FS (all P < 0.05).

Conclusions

Quantitative parameters from conventional, DCE-MRI and DWI sequences correlate 
with histopathological scores of surgical specimens. DCE-MRI and DWI parameters 
provide additional information.

Key points

• Conventional MR enterography can be used to assess Crohn’s disease activity.
• Several MRI parameters correlate with inflammation and fibrosis scores from 
histopathology.
• Dynamic contrast enhanced imaging and diffusion weighted imaging give additional 
information.
• Quantitative MRI parameters can be used as biomarkers to evaluate Crohn’s disease 
activity.
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Introduction

Magnetic resonance imaging (MRI) is increasingly used and considered the preferred 
choice for follow-up imaging of Crohn’s disease patients [1–3]. Grading Crohn’s 
disease activity is important in daily clinical practice to monitor the often costly and 
burdensome treatment. However, conventional MRI has intrinsic limitations with 
regard to objective grading of disease activity and medical therapy response [4].
These limitations might be overcome by the introduction of newer imaging sequences, 
providing additional quantitative parameters. Dynamic contrast enhanced (DCE) MRI 
and diffusion weighted imaging (DWI) have been recently investigated for assessing 
disease activity and results appear promising [5–14]. DCE-MRI allows quantitative 
assessment of the perfusion by measuring the signal increase in the bowel wall after 
intravenous administration of gadolinium. DWI reflects the changes in water mobility 
caused by interactions with cell membranes, macromolecules and alterations of the 
tissue environment. Therefore, these sequences provide valuable information on 
tissue perfusion, vascular leakage and water diffusion.
In the aforementioned studies, DCE-MRI and DWI were able to detect the presence 
of Crohn’s disease activity. However, a variety of reference standards were used, 
hindering firm conclusions. Importantly, complete quantitative assessment of the 
disease can only be performed on the basis of full thickness evaluation of surgical 
specimens. To our knowledge, three studies have used surgical specimens as a 
reference standard for the correlation with conventional MR parameters [15–17]. 
Further, only one study correlated DCE-MRI parameters with a histopathological 
reference standard and no such evaluation of DWI has been performed [7].
The aim of this prospective study was to quantitatively assess Crohn’s disease activity 
with conventional MRI, DCE-MRI and DWI sequences using histopathology of surgical 
specimens as the reference standard.
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Materials and methods

Ethical permission was obtained by the hospital’s medical ethics committee and 
written informed consent was obtained from all patients. We included patients with 
known Crohn’s disease who were scheduled for bowel resection. These patients were 
recruited to undergo MRI shortly before surgery, between February 2009 and July 
2012. Patient exclusion criteria were age less than 18 years, contraindications for 
undergoing MRI (e.g. pacemakers, claustrophobia), more than 4 weeks between the 
MRI and the surgical procedure and uncertainties in exact matching of MRI lesions to 
the resected specimen.
Patients were excluded for DCE-MRI analysis if vasodilating drugs were used. Patients 
were not excluded if only a single sequence was missing.

Patients

Twenty-five consecutive patients with Crohn’s disease proven at histopathology or 
endoscopy were included. Data from five patients had to be excluded because the 
surgical procedure was postponed (n = 4) or the resected bowel segment could not 
be matched with certainty with the MRI (n = 1).
The Crohn’s disease activity index (CDAI) [18] and C-reactive protein (CRP) were 
measured in all patients within 1 week of the MRI. CDAI score greater than 150 or a 
CRP level greater than 8 mg/L was considered as active disease.

MRI protocol

Patients fasted for 4 h before the examination and drank up to 1,600 mL of a 2.5 % 
mannitol (Baxter, Utrecht, the Netherlands) solution starting 1 h before the MRI. 
Images were acquired with patients in a supine position using a 3.0-Tesla MRI unit 
(Intera, Philips Healthcare, Best, the Netherlands) with a 16-channel torso phased 
array body coil. The protocol consisted of axial and coronal T2-weighted single 
shot fast spin echo (SSFSE) sequences with and without fat saturation followed by 
a coronal fat-saturated 3D T1-weighted spoiled gradient echo (SPGE) sequence. A 
dynamic coronal 3D T1-weighted fast spoiled gradient echo (DCE-MRI) sequence was 
performed, consisting of 450 consecutive acquisitions with a temporal resolution 
of 0.82 s and a spatial resolution of 3 mm × 3 mm × 2.5 mm for a total duration of 
6 min and 11 s. The sequence was performed during free breathing. The 3D DCE-
MRI sequence was configured with a Cartesian acquisition mode in k-space while the 
profile order was set to low–high. The temporal resolution was chosen as high as 
possible, as we wanted to correct retrospectively for respiratory motion. The dynamic 
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volume was placed on the location of visibly inflamed bowel (on SSFSE images) or 
when absent the terminal ileum. When multiple segments were inflamed, attempts 
were made to angulate the sequence so that all visibly inflamed segments were in 
the field of view.
Twenty milligrams of butylscopolamine bromide (Buscopan, Boehringer, Ingelheim, 
Germany) was given before the DCE-MRI sequence and before the post-contrast 3D 
T1-weighted (SPGE) sequences. Eight seconds (10 DCE volumes) after the start of 
the sequence 0.1 mL/kg body weight of gadobutrol (Gadovist 1.0 mmol/mL, Bayer 
Schering Pharma, Berlin, Germany) was injected through a 20-GA intravenous catheter 
into the antecubital vein by bolus injection (5 mL/s) using an automated injection 
pump (Mallinckrodt Optistar, Liebel-Flarsheim, Cincinnati, OH, USA). Injection of 
contrast medium was immediately followed by a bolus of 20 mL of saline (5 mL/s). 
After completion of the dynamic sequence a coronal and axial fat-saturated 3D T1-
weighted SPGE were acquired.
During the study, DWI was reported as being a promising additional sequence [12] 
and was added to the protocol. An axial DWI sequence (b values = 0, 300, 600 s/mm2) 
was performed after the fat-saturated SSFSE sequences. Detailed parameters of all 
MR sequences are provided in Table 1.

Image analysis

The study coordinator and an experienced abdominal radiologist (>300 MRI 
enterography for luminal CD) used the conventional sequences to determine the 

Table 1. Imaging sequences at 3 T

Sequences T2-w 
SSFSE

T2-w 
SSFSE

DWI 
sequence

3D T1-w 
SPGE

DCE 
sequence

3D T1-w 
SPGE

Plane Axial and 
coronal

Axial and 
coronal

Axial Coronal Coronal Axial and 
coronal

Fat saturation No Yes Yes Yes No Yes

TR (ms) 517–759 1,45–1,88 5,00 2.1 2.9 2.1

TE (ms) 61–119 70 38.4 1.0 1.8 1.0

Flip angle (°) 90 90 90 10 6 10

Slice 
thickness/gap 
(mm)

4/1 7/1 7/1    

Slices 40 15 20 100 14 100

Field of view 
(mm)

400 × 400 375 × 300 375 × 250 400 × 400  
× 200

400 × 400  
× 35

400 × 400  
× 200

Matrix 400 480 256 192 224 192

SENSE factor 2.5 2 2.5 1.5 2 1.5
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abnormal segment(s). Sections of interest in the abnormal segment were chosen by 
the observers in consensus. The observers chose that part of the bowel wall that was 
most reliably identifiable, through its spatial relationship with anatomical landmarks 
(e.g. ileocaecal valve, stenosis). In addition, a section of interest in presumed normal 
bowel was chosen, next to the abnormal segment. This was done to generate data 
from the whole spectrum, including no and mild Crohn’s disease activity. The study 
coordinator noted the exact distance of the sections of interest from identifiable 
anatomical landmarks using callipers. More than one section of interest could be 
chosen from a single segment if there was abnormal bowel separated by a stenosis or 
more normal appearing bowel. The selection was done before the histopathological 
matching was performed.

Analysis of conventional MRI

We assessed the following parameters per section of interest using the picture 
archiving and communication system (Impax 6.0, AGFA Healthcare, Mortsel, Belgium): 
maximum mural thickness, T1 ratio, T2 mural/CSF ratio, T2 mural/mesentery ratio, 
enhancement pattern, comb sign and creeping fat. These parameters were selected 
on the basis of the recent literature [15, 19].
Mural thickness was measured on a T2-weighted fat-saturated image using callipers. 
Mural signal intensity, mesenteric signal intensity and CSF signal intensity were 
measured by a manually drawn ROI on coronal T2-weighted fat-saturated images. 
Subsequently, T2 ratios were calculated using the following formulas: (mural signal 
intensity/mesenteric signal intensity × 100 %) and (mural signal intensity/CSF signal 
intensity × 100 %) [13].
Mural contrast enhancement was quantitatively measured in the section by a manually 
drawn ROI in the bowel wall on pre- and post-contrast T1-weighted images. The 
T1 ratio was calculated according to the following formula: (signal intensity post-
contrast/pre-contrast × 100 %).
The pattern of enhancement in the section of interest was assessed as homogeneous, 
mucosal (innermost layer of wall enhancing) or layered (both (sub)mucosal and serosal 
bowel wall layers enhancing with a central band of relatively reduced enhancement) 
on T1-weighted post-contrast images. The presence of a comb sign or creeping fat 
near the section of interest was evaluated on any of the sequences.

Analysis of DCE-MRI

We applied a gating and registration procedure, to reduce motion effects in the 
DCE-MRI data [20], and an atlas image was produced. This was a projected image 
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of the registered dynamic acquisitions. Subsequently, the study coordinator copied 
the ROIs from the conventional series to the atlas image using ITK SNAP 2.4 (www. 
itk-snap. org) [21]. In each ROI the median and standard deviation of the relative 
maximum enhancement (ME), the initial slope of increase (ISI) and the time-to-peak 
(TTP) (Fig. 1) were calculated using home-written software [22].

Analysis of DWI

Diffusion weighted imaging of the bowel (b values, 0 and 600 s/mm2) was evaluated in 
consensus by an experienced abdominal radiologist and the study coordinator. They 
were blinded to the histopathology results. The signal was measured in a manually 
drawn ROI in the bowel wall on the apparent diffusion coefficient (ADC) map using 
the picture archiving and communication system.

Histopathology

Diseased bowel was resected as per usual surgical practice. All resected bowel 
specimens were photographed and fixed in 4 % buffered formaldehyde. After 24 h of 
fixation, the bowel specimens were placed on a board in the correct in vivo anatomical 
orientation by a pathologist. Tissue sections were taken in consensus after the study 

Fig. 1. Time–intensity curve of DCE images of a 35-year-old male patient with Crohn’s disease 
demonstrates signal baseline (SB), maximum signal difference (MSD), initial slope of increase 
(ISI) and time-to-peak (TTP). Maximum enhancement (ME) was defined as the ratio between the 
signal value at its maximum (MSD) and the signal baseline (SB), i.e. ME = MSD/SB. ISI was defined 
as the tangent of the curve at the start of the enhancement and TTP was the time in minutes 
between the start of the enhancement and the point of ME, which was calculated individually on 
every pixel. Analysis shows high ME (0.71) and ISI (45.6) and a long TTP (5 min 20 s)
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coordinator and the pathologist had matched the exact location of the evaluated 
bowel sections of interest on the MR examinations with the specimen (Fig. 2). This 
included making note of the resected bowel length and of anatomical landmarks 
such as the ileocaecal valve. All tissue sections were stained with hematoxylin and 
eosin, according to the hospital’s standard protocol. An experienced gastrointestinal 
pathologist evaluated all tissue sections and graded the acute inflammation score 
(AIS) in each tissue section using the modified method of Borley et al. [23] and the 
fibrosis score (FS) of Chiorean et al. [24]. AIS ranged from 0 to a maximum score of 
13 and FS was graded on a scale of 0–2 (Table 2).

Statistical analysis

Normality of data was tested by visual assessment of the data. For non-normally 
distributed data, medians with interquartile ranges (IQR) are given.
Correlation between continuous MRI parameters with location-matched AIS was 
assessed using Spearman’s correlation coefficient. We interpreted the correlation 
coefficient as follows: 0.0, not correlated; 0.2, weakly correlated; 0.5, moderately 
correlated; 0.8, strongly correlated; 1.0, perfectly correlated [25]. Chi-squared test 
was used for associations of ordinal or binominal MRI parameters (enhancement 
pattern, comb sign and creeping fat) and AIS.
Comparison of continuous MRI parameters and FS scores was performed using the 
Kruskal–Wallis test, as data were not normally distributed. Mann–Whitney test was 
performed between FS grades in case the Kruskal–Wallis test showed a significant 
difference. Chi-squared test was used for associations of ordinal or binominal 
conventional MRI parameters (enhancement pattern, comb sign and creeping fat) 
and FS. For the comparisons of DCE and DWI parameters between FS grades, we 
dichotomised data on FS and Mann–Whitney test was performed. FS was considered 
as either non-fibrotic (grade 0) or fibrotic (grade 1 or 2). This was done because 
fewer ROIs were available and matched to histopathology sections for DCE and DWI 
analysis. It was not always possible to have all bowel sections of interest in the field 
of view of the DCE series while DWI was performed in 10 of the 20 patients.
The statistical analysis was performed by the study coordinator and an expert 
statistician (S.B.). A P value less than 0.05 was considered statistically significant. We 
performed statistical analysis using IBM SPSS Statistics 20 (IBM corporation, Armonk, 
NY, USA) and GraphPad Prism 5.01 (La Jolla, CA, USA).
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Fig. 2. Female patient with Crohn’s disease. Images on the left (a, c, e) show location-matched 
procedure; coronal T1-w contrast enhanced image (a, black arrow) shows mural thickening 
and contrast enhancement in the terminal ileum. ROIs on the MRI are matched with the bowel 
specimen before (c, black arrow) and after formalin fixation. Location-matched tissue section 
(e) shows linear ulcer, mild oedema and a moderate increase in neutrophils (asterisk). Images 
on the right (b, d, f) of the same patient show the presence of a fistula (black arrowheads) on 
an axial T1-w contrast enhanced image (b), a formalin-fixed macroscopic image (d) and a 
location-matched microscopy image (f)
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Results

Patients

Twenty patients (mean age 38 years, range 21–73, 12 female) were evaluated. Six 
out of 20 patients (30 %) had active disease according to the CRP measurement and 
11/20 (55 %) patients had active disease according to the CDAI. The demographics 
of this cohort are presented in Table 3.
A total of one to four sections (median, two) per patient were chosen, resulting in 50 
sections of interest across the 20 patients. Across the 50 sections, AIS ranged from 
0 to 11 with a median of 3. The most frequently found item was mild oedema (in 25 
histological sections) and the least found item was neutrophil infiltration into the 
serosa (in two sections). FS ranged from 0 to 2 with a median of 1.
One patient (two ROIs) was excluded for T2-weighted analysis, as the sequence was 
without fat saturation. Two patients were excluded for DCE-MRI analysis; one patient 
used a vasodilating drug (calcium antagonist) and in another patient technical failure 
of the dynamic sequence occurred. Seven sections of interest were outside the field of 
view of the DCE sequence and could not be included in the analysis. Finally, 39 ROIs 
in 18 patients were drawn and correlated with histopathology. DWI was performed in 
10 of the 20 patients; 27 ROIs were correlated with histopathological sections.

Table 2. Histopathological scores of inflammation (AIS) and fibrostenosis (FS) in surgical 
resection specimens

AIS [23] 0 1 2 3 4

Mucosal 
ulceration

None Aphthous 
ulcer 
(<7 mm)

Linear ulcer Confluent-
large ulcer

 

Oedema None Mild Moderate Severe  

Neutrophils No increase Mild increase Moderate 
increase

Marked 
increase

 

Depth of 
neutrophilic 
penetration

None Mucosa Submucosa Muscularis Serosa/
extramural 
fat

FS [24] Grade 0
(none)

Grade 1
(mild/moderate)

Grade 2
(severe)

Fibrosis Absence of fibrosis or 
minimal fibrosis limited to 
the mucosa (<25 %)

Mild stricture with 
non-dilated lumen with 
submucosal fibrosis 
(>25 %) and/or muscular 
hyperplasia with 
preserved layers

Massive 
transmural fibrosis 
and/or effacement 
of normal layers 
and/or severe 
stricture
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Analysis of conventional MRI

Mural thickness

Mural thickness (median 4.4 mm, range 1.7–18.0 mm) correlated moderately with AIS 
(r = 0.634, P < 0.001) (Table 4, Fig. 3).
There were significant differences in mural thickness (P < 0.001) between FS grades. 
The medians (and IQRs) of FS grades were 3.00 (2.40–3.25), 6.05 (4.50–9.50) and 
8.60 (8.20–12.70) for none, mild and severe FS, respectively (Table 4, Fig. 4).

T1 ratio

Mean size of the ROI in the bowel wall on pre- and post-contrast sequences was 0.17 
cm2 and 0.20 cm2, respectively.
The T1 ratio (median 172.5, range 100.7–355.2) correlated moderately with AIS 
(r = 0.392, P = 0.005). The T1 ratios of the FS grades were different (P = 0.001). The 

Table 3. Demographic characteristics of 20 patients with Crohn’s disease

Parameter   

Sex Women, n (%) 12 (60)

Age Years, mean (range) 38 (21–73)

Time between MRI and 
surgery

Days, median (range) 3 (1–26)

Disease duration Years, median (range) 11 (2–43)

CRP level (mg/L) Median (range) 5 (range 0–97)

CDAI score Median (range) 170 (range 26–421)

Pharmacotherapy at time 
of MRI

No treatment, n (%) 6 (30)

Biological, n (%) 6 (30)

Immunosuppressant, n (%) 6 (30)

Steroids and immunosuppressant, n (%) 2 (10)

Previous surgery n (%) 9 (45)

Procedure during surgery Laparoscopic, n (%) 14 (70)

Open, n (%) 6 (30)

Type of surgery (Neo-)ileocaecal, n (%) 18 (90)

Subtotal colectomy, n (%) 2 (10)

Length of resected bowel Centimetres, median (range) 22 (10–65)

Location of ROIs (Neo-)terminal ileum, n (%) 35 (70)

Ascending colon, n (%) 11 (22)

Transverse colon, n (%) 2 (4)

Descending colon, n (%) 2 (4)
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Table 4. Correlation of MRI parameters from conventional, DCE and DWI sequences with 
histopathological scores of inflammation (AIS) and fibrosis (FS)

MRI parameters Number Inflammation Fibrosis
Mural thickness 50 r = 0.634 (P < 0.001)a P < 0.001b

T1 ratio 50 r = 0.392 (P = 0.005)a P = 0.001b

T2 mural/CSF ratio 48 r = 0.485 (P < 0.001)a P = 0.021b

T2 mural/mesentery ratio 48 r = 0.339 (P = 0.018)a P = 0.156b

Maximum enhancement 39 r = 0.509 (P = 0.001)a P = 0.001c

Initial slope of increase 39 r = 0.525 (P = 0.001)a P = 0.002c

Time-to-peak 39 r = -0.121 (P = 0.465)a P = 0.535c

ADC 27 r = -0.333 (P = 0.090)a P = 0.023c

Median values for DCE analysis were used
aSpearman’s correlation test
bKruskal–Wallis test
cMann–Whitney test: Fibrostenosis was subtracted to a binary score, no fibrosis (grade 0) or 
>25 % fibrosis (grades 1–2)

Fig. 3. Graphs show correlations between quantitative MRI parameters and location-matched 
histopathological scores of inflammation (AIS) from surgical specimens. Spearman’s correlation 
tests were performed
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medians (and IQRs) of FS grades were 145.7 (111.0–178.7), 183.5 (164.1–212.0) and 
210.8 (161.0–238.8) for none, mild and severe FS, respectively.

The T2 mural/CSF ratio

Mean size of the ROIs in the bowel wall and CSF was 0.24 cm2 and 0.31 cm2, 
respectively.
The T2 mural/CSF ratios were different between FS grades (P = 0.021). The medians 
(and IQRs) of FS grades were 22.74 (18.58–30.70), 29.93 (22.77–39.63), 19.53 
(15.43–28.71) for no, mild and severe FS, respectively.
The T2 mural/mesentery ratios did not differ between FS grades (P = 0.156). The 
medians (and IQRs) of FS grades were 366.7 (290.2–521.9), 528.3 (354.6–1125.0) 
and 539.4 (360.3–1882.0) for none, mild and severe FS, respectively.

Enhancement pattern, comb sign and creeping fat

The enhancement pattern was homogeneous (n = 33) or layered (n = 17) and 
correlated significantly with FS (P < 0.001), but not with AIS (P = 0.163); no single 

Fig. 4. Graphs show correlations between quantitative MRI parameters and location-matched 
histopathological scores of fibrostenosis (FS) from surgical specimens. Medians with IQR are 
given. Mann–Whitney tests were performed to compare differences between two grades of FS
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Table 5. Pattern of enhancement according to the fibrostenosis score [24]

Pattern of enhancementa

Histopathological score of fibrostenosis

TotalGrade 0 Grade 1 Grade 2

Homogeneous 20 13 0 33

Mucosal 0 0 0 0

Layered 1 11 5 17

Total 21 24 5 50

aEnhancement pattern was classified as homogeneous (with all bowel wall enhancing equally), 
(sub)mucosal (with only the innermost wall layer enhancing) or layered (with both inner wall and 
serosal bowel wall layers enhancing, with a central band of relatively reduced enhancement of 
the muscular layer)

Fig. 5. Axial T1-weighted contrast enhanced (a) and T2-weighted fat-saturated (b) images of a 
33-year old patient with Crohn’s disease show homogeneous mural contrast enhancement and 
increased mural T2 signal in the neoterminal ileum. The neoterminal ileum is thickened and has 
high signal on the DWI image (b = 600 s/mm2) (c) and low signal on the ADC map (d) indicating 
restricted diffusion (arrows). Location-matched surgical specimen shows inflammation (AIS of 
7)
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layer ‘mucosal’ pattern of enhancement was observed. All five specimens with severe 
fibrosis at histopathology had a layered pattern of enhancement (Table 5). Comb 
sign was present in 20/50 sections of interest (40 %) and correlated significantly 
with FS (P = 0.001), but not with AIS (p = 0.075). Creeping fat was present in 17/50 
sections of interest (34 %) and correlated significantly with AIS and FS (P = 0.030 and 
P = 0.036).

Analysis of DCE-MRI

Maximum enhancement

The ME (median 0.517, range 0.244–1.590) correlated moderately with AIS (r = 0.509, 
P = 0.001). The medians (and IQRs) of non-fibrotic (grade 0) and fibrotic (grade 1 or 
2) sections were 0.34 (0.29–0.53) and 0.63 (0.48–0.91), respectively. Median ME of 
non-fibrotic and fibrotic sections differed significantly (P = 0.001).

Initial slope of increase

The ISI (median 37.9, range 14.2–149.0) correlated moderately with AIS (r = 0.525, 
P = 0.001). The medians (and IQRs) of non-fibrotic and fibrotic sections were 29.70 
(21.78–34.88) and 48.20 (36.50–83.40), respectively. Median ISI of non-fibrotic and 
fibrotic sections differed significantly (P = 0.002).

Time-to-peak

No correlations were observed between TTP (median 3 min 57 s, range 1 min 46 s to 
5 min 38 s) and AIS (r = -0.121, P = 0.465). The medians (and IQRs) of non-fibrotic 
and fibrotic sections were 3 min 58 s (2 min 52 s to 5 min 17 s) and 3 min 56 s (2 
min 28 s to 4 min 55 s), respectively. There was no difference in median TTP between 
non-fibrotic and fibrotic sections (P = 0.535).

Analysis of DWI

ADC

Mean size of the ROI in the bowel wall was 1.32 cm2.
No significant correlation was observed between ADC (median 1988, range 1216–
4198) and AIS (r = -0.333,P = 0.090), but there was a trend towards a decrease in ADC 
values when the inflammation score was higher.
The medians (and IQRs) of non-fibrotic and fibrotic sections were 2282 (1998–2772) 
and 1714 (1433–2331), respectively. Median ADC values of non-fibrotic and fibrotic 
sections differed significantly (P = 0.023; Fig. 5).
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Discussion

We found that several quantitative measurements of conventional, DCE and DWI 
parameters were related to location-matched histopathological measures of 
Crohn’s disease activity. A moderate and significant correlation was found among 
mural thickness, T1 ratio, T2 mural/CSF ratio, ME, ISI and inflammation in surgical 
specimens. In addition, mural thickness, T1 ratio, T2 mural/CSF ratio, ME, ISI and 
ADC values also showed significant differences between grades of fibrostenosis. 
Besides, our results suggest that T2 mural/CSF ratio can be used to discriminate 
between inflammation and fibrosis.
Three earlier studies correlated conventional MR parameters from patients with 
Crohn’s disease with a surgical reference standard [15–17]. All three studies showed 
that mural thickness is associated with inflammation. Mural T2 signal correlated 
with inflammation in two of these studies [15, 16]. Ziech et al. did not find such 
a correlation [17]. However, these authors used T2-weighted images without fat 
saturation, which could explain the discrepancy with the other studies in which fat 
saturation was used. Interestingly, Zappa et al. were the only authors who found a 
correlation between mural enhancement and their pathological inflammatory score. 
An explanation might be the timing of the post-contrast images, as they were the 
only authors who used delayed (8 min) T1-weighted sequences. Unfortunately, in 
that retrospective study only qualitative parameters were used for mural T2 signal 
and T1 enhancement [16]. In our prospective study, quantitative measurements of 
mural thickness, T2 signal and T1 enhancement on delayed post-contrast images 
all correlated with inflammation. This corroborates the use of mural thickening, T1 
enhancement and mural T2 signal in recently developed MR scoring systems [26, 
27]. Unfortunately, these systems were published after the start of our study, as it 
would have been interesting to prospectively validate these scores according to our 
reference standard. Such scoring systems are important, as they are able to render a 
fine grading of the disease severity for accurate treatment monitoring. Furthermore, 
the pattern of enhancement showed a significant correlation with histopathology in 
two of the previous studies [15, 16] and our study. The pattern of enhancement might 
therefore be of important additional value to the aforementioned scoring systems.
Interestingly, mural thickness and T1 ratio correlated with both AIS and FS in our 
study. This supports the hypothesis that inflammation and fibrosis are not binary 
processes [15]. One can have both active inflammation and fibrosis in the same bowel 
segment, a finding that was nicely demonstrated recently [16,28]. Differentiation 
between inflammatory and fibrostenotic strictures is crucial to the choice of therapy 
[29]. We found that fat-saturated T2-weighted sequences are able to distinguish 
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inflammation from fibrosis. A higher T2 mural/CSF ratio was significantly associated 
with more inflammation as well as mild fibrostenosis. A low T2 mural/CSF ratio was 
significantly associated with low inflammation scores and with severe fibrostenosis 
(Figs. 3 and 4).
Studies have presented mixed results about the value of mural contrast enhancement 
[30]. No correlation was found between DCE parameters and histopathology in the 
only previous DCE-MRI study with a surgical reference standard [15]. However, the 
mean enhancement ratio and slope of enhancement did significantly differ between 
diseased and normal bowel wall. An explanation of these results might be the lower 
MR field strength resulting in a temporal resolution of 3 s. Another study, with a 
temporal resolution of 0.82 s, did find a correlation between DCE parameters and a 
segmental endoscopic score and stated that DCE-MRI can be used as a method for 
the detection of mild lesions [13]. Our study further supports the role of intravenously 
administered gadolinium as a marker of activity, as we found that ME and ISI correlated 
with a histopathology-based reference standard. DCE sequences can therefore be of 
additional value to the conventional MRI protocol and may facilitate better grading of 
Crohn’s disease activity.
To our knowledge, this is the first study to investigate the correlation of DWI with 
location-matched histopathology of surgical specimens in patients with Crohn’s 
disease. In our study, there was a trend towards the decrease in ADC values being 
associated with AIS, but this was not significant. Interestingly, a decrease in ADC 
values correlated significantly with FS. It is most likely that the increase in fibrotic 
tissue leads to a reduction in extracellular space and therefore restricted diffusion of 
water molecules in the diseased bowel wall.
Our study has several limitations. Firstly, a reference standard with histopathology is 
only applicable in a limited subset of patients that have a specific sequela requiring 
surgery. This may limit the generalisability and caution should be exercised in 
extrapolating the data to a broader population of Crohn’s disease patients. Further, 
a large sample size is difficult to obtain.
Secondly, not all sections of interest were inside the field of view of the DCE sequence 
and could be included. Still, 39 sections of interest were available for DCE analysis. 
DWI was added to our protocol in a later stage and concerned a limited number of 
sections (n = 27).
Thirdly, precise placement of ROIs is very challenging. Inter-observer agreement was 
not assessed in our study, as measurements were made in consensus. Measurements 
of the bowel wall at MRI are subject to wide range of both inter- and intra-observer 
agreement, which may limit their use when applied to the development of quantitative 
measures of inflammatory activity. However, experienced observers, as used in our 
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study, may show a higher reproducibility in these measurements [31, 32]. Ideally, 
automatic registration of the ROIs would have resulted in a more precise location-
matched procedure. Unfortunately, the use of DCE-MRI in clinical practice in moving 
regions such as the abdomen is still challenging, and substantial post-processing 
is needed in order to prepare the DCE-MRI data for parametric analysis. In order to 
make it applicable in clinical practice, the registration, classification and segmentation 
should be further automated in the near future.
In conclusion, evaluation of DCE and DWI sequences showed that ME, ISI and ADC 
maps correlated with histopathological specimens from patients with Crohn’s 
disease. They are able to provide information on tissue perfusion, vascular leakage 
and water diffusion in the bowel wall, which is not possible with conventional MRI 
sequences. However, the newer sequences did not yield a better correlation than the 
conventional ones. Our study adds to the current literature by providing a prospective 
study in which MRI parameters from conventional, DCE and DWI sequences were able 
to extract defined information on the bowel wall. These parameters can be used 
to evaluate disease activity and might be used as biomarkers in the follow-up of 
Crohn’s disease activity.
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Abstract

Objectives

Tumor necrosis factor (TNF) antagonists can induce mucosal healing in patients with 
Crohn’s disease (CD), but the effects on transmural inflammation and stenotic lesions 
are largely unknown.
 
Materials and methods

We performed a retrospective study in 50 patients (54% female, median age 37 yr) with 
CD who had undergone serial magnetic resonance imaging (MRI) examinations while 
receiving infliximab or adalimumab. Patients were grouped as clinical responders 
or nonresponders based on physician’s assessment, laboratory, and endoscopic 
appearance. MRI scoring was performed by 2 radiologists in consensus blinded to 
clinical data using a validated MRI scoring system. In total, 64 lesions on MRI were 
identified for analysis. Analyses were performed using paired t test and Wilcoxon 
rank test.
 
Results

During anti-TNF treatment, MRI inflammation scores improved in 29 of 64 lesions 
(45.3%), remained unchanged in 18 of 64 lesions (28.1%), or deteriorated in 17 of 
64 lesions (26.6%) over time. In the anti-TNF responder group, the mean intestinal 
inflammation score of all lesions improved from 5.19 to 3.12 (P < 0.0001). The 
mean inflammation scores in stenotic lesions in anti–TNF responders also improved 
significantly, from 6.33 to 4.58 (P = 0.01). In contrast, the mean inflammation scores 
did not change significantly (5.55–5.92, P = 0.49) in nonresponders. Diagnostic 
accuracy of anti–TNF response on MRI was 68%.
 
Conclusions

Improved inflammatory activity on serial MRI scans was observed in patients with 
clinical response to medical therapy with anti-TNF agents in luminal CD. MRI can be 
used as a complementary approach to measure transmural inflammation in patients 
with CD and guide the optimal use of TNF antagonists in daily clinical practice.
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Introduction

The management of Crohn’s disease (CD) has changed rapidly with the advent of tumor 
necrosis factor (TNF) antibodies, such as infliximab and adalimumab. Treatment with 
anti-TNF agents results in mucosal healing in a significant proportion of patients with 
CD [1]. However, the effects of these biological agents on transmural inflammation 
and stenotic lesions are largely unknown. Better insight in the therapeutic effects 
of these costly agents may guide the clinical decision-making process. Objective 
assessment of therapeutic responses has become an essential concept in clinical 
practice and in the development of new drugs, especially as tissue healing may 
change the natural history and outcome of the disease [2].
Endoscopic evaluation has been the method of choice to evaluate the extent and 
severity of the disease [3]. However, endoscopic procedures are invasive, time 
consuming, expensive, and expose patients to inherent procedural risks. Moreover, 
endoscopy is frequently not a feasible option for assessment of small bowel disease 
activity [4].
Diagnostic modalities that can serve as an alternative or adjunct to ileocolonoscopy 
to evaluate therapeutic responses are needed. Computed tomography (CT) and 
magnetic resonance imaging (MRI) have been shown to be effective to assess CD 
activity and can be used routinely before any major change in therapy [5–9]. CT and 
MRI can assess cumulative structural bowel damage in patients with CD. Cumulative 
damage has been quantified and validated in the so-called IPNIC or Lémann score 
[10].
Serial CT imaging showed excellent potential for reliable monitoring of CD activity 
[11]. However, the main drawback of CT is the risk of repeated radiation exposure 
that may be associated with an increased risk of developing malignancies, especially 
in patients exposed at a younger age [12,13]. MRI is at least as accurate as CT in 
assessing disease activity in CD [14,15]. and patients are not exposed to ionizing 
radiation. Parameters that are used to monitor CD activity with MRI include the 
presence of mural changes (e.g., bowel wall thickening, wall enhancement, and wall 
edema), length of the involved segments, skip lesions, stenoses, and fistulas [16–
18]. Moreover, the versatility allows the use of different sequences that add novel 
insights (such as edema) that are not possible with other imaging modalities, such 
as CT. Therefore, MRI is increasingly used to evaluate disease activity in CD [19]. The 
aim of the present study was to explore the sensitivity of MRI to measure changes 
in inflammation and stenosis over time during treatment with anti-TNF agents in 
patients with CD.
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Patient Selection

This retrospective study was performed at a single tertiary IBD referral center. The 
institutional review board approved the study and waived informed consent. Using 
the hospital radiology information system and patient databases, we identified 
eligible patients with established CD who underwent serial MRI scans between 2004 
(introduction of routine clinical MRI service for luminal CD at our institution) and 
2012 and received anti-TNF treatment (infliximab or adalimumab). Patients who 
were included either underwent MRI before and after initiation of infliximab or 
adalimumab or used these agents as the dominant therapy between 2 serial MRIs 
with an interval of at least 4 months. This time interval was chosen, as we believe 
that this is sufficient to determine clinical and radiological responses in patients 
receiving different therapies, including subjects receiving 8 weekly infusions with 
infliximab. Our MRI protocol has changed over the years based on the new insights 
and restrictions of the maximal examination time from December 2007 until July 
2008. Patients were excluded when the MRI protocol did not suffice the present 
requirements of a minimum scan protocol. The presence of at least one T2-weighted 
sequence, a (fat saturated) T1-weighted unenhanced and a postintravenous contrast 
medium–enhanced sequence was required. Patients were excluded if they underwent 
surgery in between serial MRI examinations or when insufficient data were available 
from medical records to establish whether patients were anti–TNF responders or 
nonresponders.

Magnetic Resonance Imaging

During the study period, both magnetic resonance (MR) enterography and MR 
enteroclysis were performed. For the purpose of this study, we included patients 
studied with either method as this reflects daily practice and we do not expect 
substantial differences between both examinations for evaluation of inflammation. 
The MR enterography preparation was as follows: patients fasted at least 4 hours 
before the examination and drank 1600 mL Mannitol solution (2.5%) (Baxter, Utrecht, 
The Netherlands) 1 hour before the scan. Patients who underwent MR enteroclysis 
received a nasoduodenal tube that was placed under fluoroscopic guidance. Mannitol 
was administered through the nasoduodenal tube at a speed of 60 to 120 mL/
minute until adequate luminal distension was obtained. Images were acquired with 
patients in supine position using a 1.5-T MRI unit (Signa Horizon Echospeed, LX 
9.0; General Electric Medical Systems, Milwaukee, WI or Avanto; Siemens, Erlangen, 
Germany) or a 3-T MRI unit (Intera; Philips Healthcare, Best, The Netherlands) with a 
16-channel torso-phased array body coil. All patients received a spasmolytic agent 
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(butylscopolamine bromide, Buscopan; Boehringer-Ingelheim, Ingelheim, Germany) 
intravenously to suppress small bowel peristalsis. The following sequences were 
used for acquisition of images: interpolated 3D T1-weighted gradient echo (with fat 
saturation precontrast and postcontrast after intravenous application of 0.1 mL/kg 
bodyweight gadolinium) and single-shot half-Fourier RARE (rapid acquisition with 
relaxation enhancement).
  
Anti-TNF Treatment

All patients were treated with infliximab or adalimumab at approved dose regimens 
and within the frame of the European reimbursement label. For infliximab, 5 mg/
kg was given intravenously at week 0, 2, and 6 and further every 8 weeks with dose 
intensification when clinically indicated. For adalimumab, induction treatment was 
given at 160 mg at week 0, 80 mg at week 2, and 40 mg every other week further on 
with dose increase to every week if clinically indicated. Co-treatment with thiopurines 
or methotrexate was continued at stable doses.
 
Data Collection

Information was collected for each segmental lesion that was detected by MRI. Lesions 
were considered separate if they were isolated by an area with normal imaging 
features. Radiological scoring was assessed in consensus by 1 abdominal radiologist 
(J.S.) with 18-year experience in gastrointestinal MRI (>750 small bowel MRI scans) 
and 1 abdominal radiology fellow (K.H.) with 6-year experience (>250 small bowel 
MRI scans). The radiologists were blinded to the clinical, laboratory, and endoscopic 
data and to the order of patients. When assessing the second MRI, the 2 radiologists 
were not blinded for the previous examination as comparison was needed to assure 
that the same lesion was being reassessed.
Inflammation was scored using an MRI scoring system [20], where qualitative scoring 
(none–mild–moderate–severe) of mural thickness, mural T2 signal, perimural T2 
signal, and T1 contrast enhancement correlated with disease activity based on a 
transmural histopathological reference. Lesions were evaluated by the sum of the 
scores of these 4 MRI features. The inflammation score was used to determine the 
therapeutic response on MRI. The activity scores were summed if there was more than 
1 inflamed segment observed in a patient to determine the response for each patient. 
Patients were considered as radiological responders if there was an improvement 
in the total inflammation score. Furthermore, lesions were evaluated by the length 
of disease (in centimeters). A lesion was considered a stenotic lesion if there was 
lumen reduction of at least 80%, in combination with prestenotic dilatation and wall 
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thickening of a least 3 mm on MRI, which is in accordance with stage 3 of stricturing 
lesions in the Lémann score [10]. Response rates were assessed per lesion, per 
stenotic lesion, and per patient.

Reference Standard

Clinical information for each patient was obtained by reviewing medical records, and 
this included endoscopy reports and laboratory outcomes, such as serum C-reactive 
protein and fecal calprotectin levels. A gastroenterologist with a subspecialty in 
inflammatory bowel disease was blinded to the imaging results and categorized each 
patient as anti–TNF responder or nonresponder. All medical records were analyzed 
between serial MRI scans. A “minimum data set” comprised a clinical assessment of 
the managing gastroenterologist using clinical report forms within a 1-month time 
frame of the MRI scan. Clinical follow-up notes of the managing gastroenterologist 
were leading in the decision to characterize each patient as a clinical responder or 
nonresponder. Ileocolonoscopy, histology, and laboratory outcomes substantiated 
this decision. Patients were not eligible if only biochemical and/or endoscopic data 
were present. Finally, 2 cohorts of patients were studied. In the first group, a second 
MRI was performed because of lack of response or loss of response to anti-TNF 
treatment. The second comprised patients who were in remission on continued anti-
TNF treatment in whom an elective repeat MRI was performed.
Established CD was defined as a diagnosis of CD after evaluation by a gastroenterologist 
with special interest in inflammatory bowel disease. Disease duration was calculated 
from time of diagnosis to date of the last MRI. Induction therapy was defined as 
patients having had 1 MRI examination before the start of TNF agents.

Statistical Analysis

Descriptive statistics were reported as number (percent) or median (interquartile 
range [IQR]). The total inflammation score was considered as normal distribution, 
and the length of disease was considered as nonparametric. Differences between the 
initial and follow-up MRI scans were assessed with the paired t test or nonparametric 
Wilcoxon signed-rank test. Positive and negative predictive values were estimated 
per patient for agreement between clinical response and inflammation score on MRI. 
The overall accuracy is calculated by addition of the true-positive and true-negative 
test results divided by all tests.
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Results

A total of 75 patients with CD were identified. Thirteen patients underwent an MRI 
not meeting the minimal scan protocol requirements and were therefore excluded. 
Twelve of these patients underwent an MRI without a T2-weighted sequence 
(between December 2007 and July 2008), and 1 subject did not receive intravenous 
contrast medium. Nine patients underwent surgery between the MRI examinations. 
In 1 patient, the follow-up MRI scan was within 4 months of the initial MRI. Clinical 
assessment of the managing gastroenterologist was available for all patients, except 
for 1 who was excluded. One patient was pregnant during the second MRI, which 
complicated the interpretation of the images (Fig. 1). Among the remaining 50 
patients, there were 64 lesions identified on MRI. Most lesions, 59 of 64 (92%), were 
located in the small bowel, and 5 of 64 lesions (8%) were located in the colon. The 
patient cohort comprised 23 males and 27 females, with a median age of 37 years 
(IQR, 29–42 yr). The median disease duration was 12 years (IQR, 7–21 yr). Smoking 
was noted in 20% of the patients (n = 10), and previous surgical resections had 
occurred in 68% of the patients (n = 34) . The median time between the start of 
anti-TNF treatment and follow-up MRI was 112 weeks (IQR, 51–179 wk), and the 
median time between the index and follow-up MRI was 94 weeks (IQR, 48–143 wk). 
Twenty patients (40%) were treated with infliximab, and 30 patients (60%) received 
adalimumab (Table 1). Most MRI examinations were performed using 1.5-T machines, 
80% (n = 40) on the baseline MRI and 70% (n = 35) on the follow-up MRI. The other 
examinations were performed on a 3-T machine. The enterography technique, where 

Figure 1. Inclusion criteria.
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contrast is orally administered, was used in 94% (n = 47) and 98% (n = 49) of the 
examinations, respectively. In the other cases, MR enteroclysis was performed. The 
most frequent indication for the initial and follow-up imaging was assessment of 
small bowel disease activity (and therapy evaluation) in 62% (n = 31) and 82% (n = 
41), respectively (Table 2).

Table 1. Patient characteristics.

Total patients
(n=50)

Responders
(n=23)

Non-responders
(n=27)

Women, n (%) 27 (54) 11 (47.8) 16 (59.3)

Age at 2nd MRI, y, median (IQR) 37 (29-42) 37 (30-46) 37 (27-42)

Disease duration at 2nd MRI, y, 
median (IQR)

12 (7-21) 9 (7-21) 12 (6-23)

History of bowel resection, n (%) 34 (68) 15 (65.2) 19 (70.4)

Smokers, n (%) 10 (20) 5 (21.7) 5 (18.5)

Time between start anti-TNF and 
2nd MRI, weeks, median (IQR)

112 (51-179) 94 (44-148) 151 (56-179)

Time between baseline and 2nd MRI, 
weeks, median (IQR)

94 (48-143) 80 (47-154) 97 (50-143)

Patients with 2 lesions on MRI, n (%) 6 (12) 3 (13) 3 (11.1)

Patients with 3 lesions on MRI, n (%) 4 (8) 0 (0) 4 (14.8)

Baseline MRI, inflammation score, 
mean (95% CI)a

5.41 (4.80-6.01) 5.19 (4.23-6.16) 5.55 (4.73-6.37)

Baseline MRI, length of disease, 
median (IQR)b

14.5 (7-25) 10 (6.13-26.25) 15 (7-25)

Anti-TNF therapy

  Maintenance, n (%) 15 (30) 5 (21.7) 10 (37)

  Induction therapy, n (%) 35 (70) 18 (78.3) 17 (63)

  Infliximab, n (%) 20 (40) 10 (43.5) 10 (37)

  Adalimumab, n (%) 30 (60) 13 (56.5) 17 (63)

Co-medications

  Steroids, n (%) 8 (16) 2 (8.7) 6 (22.2)

  Immunomodulators, n (%)c 18 (36) 11 (30.4) 7 (22.2)

  Mesalamine, n (%) 1 (2) 0 (0) 1 (3.7)

  No concomitant drug therapy,  
  n (%)

23 (46) 10 (43.5) 13 (48.1)

a The inflammation score of all lesions on baseline MRI
b The length of disease in cm of all lesions on baseline MRI
c Thiopurines and Methotrexate
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Inflammatory Score per Lesion

Inflammation scores improved in 29 of 64 lesions (45.3%), whereas 18 of 64 lesions 
(28.1%) were unchanged, and 17 of 64 lesions (26.6%) deteriorated (Table 3). All 
lesions taken together, the mean MRI inflammation score changed from 5.41 (95% 
confidence interval, 4.80–6.01) on the baseline MRI to 4.78 (95% confidence interval, 
4.05–5.52) on the follow-up MRI (P = 0.11). Improvement of inflammation scores was 
higher in patients who received induction therapy than in those who were treated with 

Table 2. Indications and techniques for MRI. 

Baseline MRI
(n=50)

Second MRI
(n=50)

Indication 

  Abdominal pain (%) 8 (16) 4 (8)

  Stenosis seen at ileocolonoscopy (%) 7 (14) 4 (8)

  Suspicion of penetrating/complicated disease (%) 4 (8) 1 (2)

  Assessment of disease activity / therapy evaluation (%) 31 (62) 41 (82)

Technique

  1.5-Tesla (%) 40 (72) 35 (70)

  3.0-Tesla (%) 10 (20) 15 (30)

  MR Enterography (%) 47 (94) 49 (98)

  MR Enteroclysis (%) 3 (6) 1 (2)

Table 3. Radiologic responses based on inflammation scores on serial MRI scans.

Response Total Non-responders Responders

Per lesion (n=64) (n=38) (n=26)

 Improved 29 (45.3) 11 (28.9) 18 (69.2)

 Unchanged 18 (28.1) 10 (26.3) 8 (30.8)

 Worsened 17 (26.6) 17 (44.7) 0 (0)

Per stenosis (n=30) (n=18) (n=12)

 Improved 14 (46.7) 5 (27.8) 9 (75)

 Unchanged 11 (36.7) 8 (44.4) 3 (25)

 Worsened 5 (16.7) 5 (27.8) 0 (0)

Per patient (n=50) (n=27) (n=23)

 Improved 25 (50) 9 (33.3) 16 (69.6)

 Unchanged 12 (24) 5 (18.5) 7 (30.4)

 Worsened 13 (26) 13 (48.1) 0 (0)

Data are n (%).
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anti-TNF maintenance therapy (Table 4). In the responder group, MRI inflammation 
scores improved significantly from 5.19 to 3.12 (P < 0.0001). In contrast, the degree 
of inflammation at MRI changed from 5.55 to 5.92 (P = 0.49) over time in anti–TNF 
nonresponders (Fig. 2).

MRI Characteristics per Stenosis

Thirty of 64 lesions (46.9%) were classified as stenotic lesions (stage 3, Lémann score). 
In these lesions, anti-TNF treatment improved inflammatory activity in 14 of 30 lesions 
(46.7%). In 11 of 30 lesions (36.7%), the inflammation scores of stenotic lesions did 

Table 4. Inflammation score for all lesions on baseline and follow-up MRI.

Inflammation score Baseline MRI
Mean (95% CI)

Second MRI
Mean (95% CI)

P-valuea

All lesions (n=64)
  Maintenance therapy (n=21)
  Induction therapy (n=43)

5.41 (4.80-6.01)
5.24 (4.24-6.24)
5.49 (4.74-6.24)

4.78 (4.05-5.52)
5.38 (4.35-6.41)
4.49 (3.55-5.43)

0.11
0.79
0.05

Non-responders (n=38)
  Maintenance therapy (n=16)
  Induction therapy (n=22)

5.55 (4.73-6.37)
5.19 (4.16-6.22)
5.82 (4.67-6.97)

5.92 (4.95-6.89)
6.06 (5.07-7.05)
5.82 (4.35-7.29)

0.49
0.08

1.000

Responders (n=26)
  Maintenance therapy (n=5)
  Induction therapy (n=21)

5.19 (4.23-6.16)
5.40 (2.52-8.28)
5.14 (4.19-6.09)

3.12 (2.30-3.93)
3.20 (1.11-5.29)
3.10 (2.25-3.95)

< 0.0001
0.11b

< 0.0001

a Paired T-test was performed to calculate the p-value.
b Wilcoxon signed rank test was used to calculate the p-value.

Figure 2. Total inflammation scores of lesions in anti–TNF nonresponders (n = 38) and anti–TNF 
responders (n = 26) at baseline and follow-up MRI. Error bars represent standard deviation of 
the mean.
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not change, and in the remaining 5 of 30 lesions (16.7%), the inflammatory activity 
worsened (Table 3). The mean inflammation score of all stenotic lesions changed 
from 6.50 to 5.87 (P = 0.10). In the responder group, the mean inflammation score 
of stenotic lesions improved significantly from 6.33 to 4.58 (P = 0.01). In contrast, 
the degree of inflammation in stenotic lesions changed from 6.61 to 6.72 (P = 0.79) 
in anti–TNF nonresponders (Table 5).

Length of Inflammatory Lesions

Altogether, the median length of inflammatory lesions improved from 14.5 to 10 
cm (P = 0.03). In the responder group, the median length of the involved segments 
improved significantly from 10 to 7.75 cm (P = 0.0026) on the follow-up MRI. In 
contrast, the median length of inflammatory lesions in anti–TNF nonresponders 
changed from 15 to 16.5 cm (P = 0.98) (Table 6).

Per Patient

Twenty-five of 50 patients (50%) showed an improvement in MRI inflammation scores, 
and 13 of 50 patients (26%) showed worsened inflammatory activity on the follow-
up MRI (Table 3, Fig. 3). Inflammation scores did not change in the remaining 12 of 
50 patients (24%). None of the clinical responders showed worsened inflammatory 

Table 5. Inflammation scores of stenotic lesions on baseline and follow-up MRI. 

Inflammation score stenotic 
lesions

Baseline MRI
Mean (95% CI)

Second MRI
Mean (95% CI)

P-valuea

Stenosis (n=30) 6.50 (5.84-7.16) 5.87 (5.12-6.62) 0.10

Non-responders (n=18) 6.61 (5.61-7.61) 6.72 (5.86-7.59) 0.79

Responders (n=12) 6.33 (5.42-7.25) 4.58 (3.48-5.68) 0.01

a Paired T-test was performed to calculate the p-value.

Table 6. Length of involved segments (in cm) on baseline and follow-up MRI.

Length of disease Baseline MRI
Median (IQR)

Second MRI
Median (IQR)

P-valuea

All lesions (n=64) 14.5 (7-25) 10 (4.25-23) 0.03

Non-responders (n=38) 15 (7-25) 16.5 (6.5-25) 0.98

Responders (n=26) 10 (6.13-26.25) 7.75 (1.4-20.5) < 0.01

a Wilcoxon signed rank test was used to calculate the p-value.
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activity on the follow-up MRI. The positive predictive value of therapy response on 
MRI was 64%, and the negative predictive value was 72%. Diagnostic accuracy of anti-
TNF response on MRI was 68%.

Figure 3. Serial MRI examinations 
of a 42-year-old male patient 
with CD, with a baseline MRI (left) 
and a follow-up MRI (right) 13 
months later, including coronal 
T1-weighted postcontrast images 
with fat saturation (A, B, E, and F), 
coronal T2-weighted (C and G), 
and balanced steady-state free 
precession (true-FISP) images 
(D and H). The patient started 
with anti-TNF therapy directly 
after the baseline MRI. Serial MRI 
indicates reduction of contrast 
enhancement and mural thickness 
(arrows).
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Discussion

The present study demonstrates that MRI is a useful imaging technique to 
monitor therapeutic effects of anti-TNF agents in CD. In anti–TNF responders, the 
inflammatory activity and the length of the involved intestinal segments significantly 
improved on the follow-up MRI compared with the baseline MRI. Moreover, the 
degree of inflammation in stage 3 stenotic lesions with prestenotic dilatation also 
improved in patients who responded to treatment with infliximab or adalimumab. In 
contrast, inflammatory activity on MRI slightly deteriorated in nonresponders. To our 
knowledge, this is the first study that investigates radiological responses with MRI in 
luminal patients with CD who receive treatment with anti-TNF agents.
Evaluation of treatment responses is to a large extent based on the clinical symptoms 
and on nonspecific laboratory tests, such as C-reactive protein levels. Control of 
symptoms and normalization of inflammatory markers is often not sufficient, 
especially in patients with transmural or extramural disease. Previous studies have 
shown that radiographic activity poorly correlates with clinical parameters [21,22]. 
We report a moderate diagnostic accuracy of anti-TNF responses on MRI, which 
supports the notion that MRI should not replace but complement clinical assessment 
in daily practice.
A recent study reported on therapeutic responses using serial CT examinations in 
patients with CD on infliximab therapy [23]. In concordance with our study, Bruining et 
al reported that 49.5% of the lesions improved after infliximab therapy. Furthermore, 
radiological response was in poor agreement with clinical symptoms (k = 0.26). These 
findings indicated that CT might be used as complementary approach to identify mural 
healing. A major advantage of MRI over CT is the combined visualization of luminal, 
mural, and extramural abnormalities without the use of ionizing radiation. Therefore, 
MRI might be the preferred imaging method to complement other investigations like 
endoscopy.
In addition, patients who were on maintenance or induction therapy were compared. 
Although the groups are not fully identical, an interesting difference can be noted 
as shown in Table 4. Patients who received induction therapy showed a significant 
reduction of the MRI inflammation score (5.49 versus 4.49, P = 0.05), whereas 
patients on maintenance therapy showed no reduction (5.24 versus 5.38, P = 0.79), 
and this was regardless of clinical symptoms.
The MRI examinations were performed using 2 contrast administration techniques: 
enteroclysis and enterography. In enteroclysis, enteric contrast material is 
administered through a nasojejunal tube, whereas enteric contrast material is 
administered orally in enterography. In our hospital, mainly MR enterography is 
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performed, whereas MR enteroclysis is only conducted in cases where the patient is 
not eligible to drink the contrast or is suspected for proximal ileal disease. However, 
no significant difference in distension and diagnostic accuracy was noted between 
these 2 techniques [24]. Furthermore, MRI examinations were performed using 3-T 
and 1.5-T MRI machines. Higher spatial resolution and shorter scan times can be 
obtained using 3-T machines, but more artifacts can be seen as well. Nevertheless, 
3-T MRI examinations are equally accurate as 1.5-T in the assessment of ileocolonic 
CD [25].
In our study, 2 experienced radiologists used a reproducible quantitative scoring 
system that has already been validated 20 to assess radiological responses. We 
decided to use this scoring system, instead of another recently developed scoring 
system (MaRIA index) [26], as this is the most practical scoring system to use. 
Besides, both scoring systems showed similar results in terms of reproducibility 
and correlation with the Crohn’s Disease Endoscopic Index of Severity in an external 
patient cohort [27].
In our hospital, pelvic MRI is mainly used to examine perianal fistulas, whereas in this 
study, only abdominal MRI examinations were included. Therefore, only 12 patients 
in our study showed penetrating disease, i.e., intestinal fistulas and/or abscesses. 
Despite the anti-TNF treatment, the majority of our patients showed no change of 
activity of these complications on serial MRI examinations. However, our group of 
patients with penetrating disease was relatively small. In a recently published study 
with 41 patients with CD suffering from perianal fistulas, remission or response 
was demonstrated in 58% of the patients after 3 years of therapy with infliximab or 
adalimumab [28]. The behavior of perianal fistulizing CD, and its response to medical 
treatment, is believed to differ significantly from luminal disease. As a result, we did 
not evaluate perianal fistulas in our study and believe studies should not mix up both 
clinical situations.
We reported a moderate agreement between radiological response and clinical 
response on anti-TNF therapy per patient, with a diagnostic accuracy of 68%. The 
reason for this finding is that clinical evaluations by gastroenterologists might be 
insufficient to make well-balanced therapeutic decisions in patients suffering from 
this complex disease [29]. Particularly, clinical nonresponse may be influenced by 
functional diseases. This may explain why in our study, 9 of 27 nonresponders showed 
improved inflammation scores on the follow-up MRI. Their persistent complaints 
might be the result of other causes than CD-related inflammation. In the group of 
clinical responders, we exclusively observed unchanged or improved inflammation 
scores on MRI. In other words, an unchanged or improved inflammation score on MRI 



97

Serial MRI for monitoring medical therapy effects in Crohn’s disease

5

is an essential piece of objective medical information documenting effectiveness of 
anti-TNF therapy, similar to what has been reported for endoscopy.
One of the main assets of MRI is evaluation of narrowed segments often not amenable 
to endoscopic evaluation. In our study, we reported that the inflammatory component 
of stenotic lesions (Lémann score, stage 3) was significantly improved in clinical 
responders. MRI might provide important information with regard to the severity of 
structural bowel damage. Hence, it therefore may be used to measure bowel damage 
progression with repeated assessments, especially if a stenosis is suspected clinically 
or present at endoscopy.
Symptom-based disease activity indices poorly correlate with objective markers of 
disease activity in CD [30]. This underscores the need for objective disease markers. 
MRI has become an extremely valuable imaging technique to assess CD activity [10] 
facilitating clinical decision making in these patients. In the future, MRI might very 
well become the preferred imaging technique, in which the whole gut can be assessed 
in one single examination.
We acknowledge that MRI is more expensive than some other imaging methods and 
that more information is required about cost-effectiveness of monitoring strategies 
in the field of CD. However, a recent study on cost-effectiveness of CT enterography 
and MR enterography in patients with CD reported that MR enterography is a cost-
effective alternative to CT enterography for younger patients with CD who are likely 
to have multiple imaging tests over the course of their disease [31].
In properly selected patients, the benefits of costly anti-TNF agents outweigh the 
potential side effects.32 The present study suggests that MRI is a useful technique to 
objectively determine disease activity in patients with CD treated with TNF blockers, 
as it might be able to differentiate between anti–TNF responders and nonresponders. 
Hence, MRI provides objective information to select patients who should or should 
not undergo medical therapy with anti-TNF agents.
This study has some methodological limitations. Because we performed a retrospective 
analysis, not all serial MRI examinations and corresponding clinical assessment of 
disease responses were performed within the same time frame. We chose to use the 
clinical follow-up notes of the gastroenterologist who was managing the patient, 
given the complexity to obtain all parameters within the right time frames due to 
the retrospective design of our study. Furthermore, despite the fact that treatment 
with anti-TNF agents was the dominant therapy, other intercurrent factors, such 
as the use of concomitant therapies, cannot be entirely excluded. Additionally, a 
potential limitation might be the fact that clinical nonresponders underwent MRI 
for different reasons than clinical responders. Serial imaging is usually ordered for 
patients who are symptomatic. Besides, in our study, more than half of the lesions 
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(38 of 64) were reported in clinical nonresponders. Therefore, this could bias in favor 
of nonresponders.
In conclusion, an improvement in both intestinal inflammation and inflammatory 
stenosis on serial MRI scans correlates with the clinical response to anti-TNF 
treatment in patients with CD. Treatment with anti-TNF antibodies may not only 
induce mucosal but also transmural healing, and improved inflammatory activity 
within stenotic lesions. Thus, MRI can be used as a complementary instrument to 
facilitate clinical decision making in these patients.



99

Serial MRI for monitoring medical therapy effects in Crohn’s disease

5

References
1.  D’Haens G, Baert F, van Assche G, et al. Early combined immunosuppression or conventional 

management in patients with newly diagnosed Crohn’s disease: an open randomised trial. 
Lancet 2008;371:660-667.

2.  D’Haens GR, Fedorak R, Lemann M, et al. Endpoints for clinical trials evaluating disease 
modification and structural damage in adults with Crohn’s disease. Inflamm Bowel Dis 
2009;15:1599-1604.

3.  Mary JY, Modigliani R. Development and validation of an endoscopic index of the severity 
for Crohn’s disease: a prospective multicentre study. Groupe d’Etudes Therapeutiques des 
Affections Inflammatoires du Tube Digestif (GETAID). Gut 1989;30:983-989.

4.  Samuel S, Bruining DH, Loftus EV, et al. Endoscopic skipping of the distal terminal ileum 
in Crohn’s disease can lead to negative results from ileocolonoscopy. Clin Gastroenterol 
Hepatol 2012;10:1253-1259.

5.  Dignass A, van Assche G, Lindsay JO, et al. The second European evidence-based 
Consensus on the diagnosis and management of Crohn’s disease: current management. J 
Crohn Colitis 2010;4:28-62.

6.  Hyun SB, Kitazume Y, Nagahori M, et al. Magnetic resonance enterocolonography is useful 
for simultaneous evaluation of small and large intestinal lesions in Crohn’s disease. 
Inflamm Bowel Dis 2011;17:1063-1072.

7.  Horsthuis K, Bipat S, Stokkers PCF, et al. Magnetic resonance imaging for evaluation of 
disease activity in Crohn’s disease: a systematic review. Eur Radiol 2009;19:1450-1460.

8.  Higgins PD, Caoili E, Zimmermann M, et al. Computed tomographic enterography adds 
information to clinical management in small bowel Crohn’s disease. Inflamm Bowel Dis 
2007;13:262-268.

9.  Bruining DH, Siddiki HA, Fletcher JG, et al. Benefit of computed tomography enterography 
in Crohn’s disease: effects on patient management and physician level of confidence. 
Inflamm Bowel Dis 2012;18:219-225.

10.  Pariente B, Cosnes J, Danese S, et al. Development of the Crohn’s disease digestive damage 
score, the Lemann score. Inflamm Bowel Dis 2011;17:1415-1422.

11.  Hara AK, Alam S, Heigh RI, et al. Using CT enterography to monitor Crohn’s disease activity: 
a preliminary study. AJR Am J Roentgenol 2008;190:1512-1516.

12.  Brenner DJ, Hall EJ. Computed tomography-an increasing source of radiation exposure. N 
Engl J Med 2007;357:2277-2284.

13.  Sauer CG, Kugathasan S, Martin DR, et al. Medical radiation exposure in children with 
inflammatory bowel disease estimates high cumulative doses. Inflamm Bowel Dis 
2011;17:2326-2332.

14.  Horsthuis K, Bipat S, Bennink RJ, et al. Inflammatory bowel disease diagnosed with US, MR, 
scintigraphy, and CT: meta-analysis of prospective studies. Radiology 2008;247:64-79.

15.  Fiorino G, Bonifacio C, Peyrin-Biroulet L, et al. Prospective comparison of computed 
tomography enterography and magnetic resonance enterography for assessment of 
disease activity and complications in ileocolonic Crohn’s disease. Inflamm Bowel Dis 
2011;17:1073-1080.



100

Chapter 5

16.  Punwani S, Rodriguez-Justo M, Bainbridge A, et al. Mural inflammation in Crohn disease: 
location-matched histologic validation of MR imaging features. Radiology 2009;252:712-
720.

17.  Ziech ML, Bossuyt PM, Laghi A, et al. Grading luminal Crohn’s disease: which MRI features 
are considered as important? Eur J Radiol 2012;81:e467-e472.

18.  Zappa M, Stefanescu C, Cazals-Hatem D, et al. Which magnetic resonance imaging 
findings accurately evaluate inflammation in small bowel Crohn’s disease? A retrospective 
comparison with surgical pathologic analysis. Inflamm Bowel Dis 2011;17:984-993.

19.  Baumgart DC, Sandborn WJ. Crohn’s disease. Lancet 2012;6736:1-16.

20.  Steward MJ, Punwani S, Proctor I, et al. Non-perforating small bowel Crohn’s disease 
assessed by MRI enterography: Derivation and histopathological validation of an MR-based 
activity index. Eur J Radiol 2012;81:2080-2088.

21.  Solem CA, Loftus EV, Tremaine WJ, et al. Correlation of C-reactive protein with clinical, 
endoscopic, histologic, and radiographic activity in inflammatory bowel disease. Inflamm 
Bowel Dis 2005;11:707-712.

22.  Ziech ML, Lavini C, Caan MW, et al. Dynamic contrast-enhanced MRI in patients with 
luminal Crohn’s disease. Eur J Radiol 2012;81:3019-3027.

23.  Bruining DH, Loftus EV, Ehman EC, et al. Computed tomography enterography detects 
intestinal wall changes and effects of treatment in patients with Crohn’s disease. Clin 
Gastroenterol Hepatol 2011;9:679-683.

24.  Negaard A, Paulsen V, Sandvik L, et al. A prospective randomized comparison between 
two MRI studies of the small bowel in Crohn’s disease, the oral contrast method and MR 
enteroclysis. Eur Radiol 2007;17:2294-2301.

25.  Fiorino G, Bonifacio C, Padrenostro M, et al. A prospective comparison between 1.5T 
magnetic resonance and 3T magnetic resonance in ileo-colonic Crohn’s disease: a single 
center experience. Dig Dis Sci 2013;58:3246-55

26.  Rimola J, Ordas I, Rodriguez S, et al. Magnetic resonance imaging for evaluation of Crohn’s 
disease: validation of parameters of severity and quantitative index of activity. Inflamm 
Bowel Dis 2011;17:1759-1768.

27.  Tielbeek JA, Makanyanga J, Bipat S, et al. Grading Crohn’s disease activity with MRI: 
Interobserver variability of MRI features, MRI scoring of severity and correlation with 
Crohn’s Disease Endoscopic Index of Severity. Am J Roentgenol 2013;201:1220-8

28.  Tozer P, Ng SC, Siddiqui MR, et al. Long-term MRI-guided combined anti-TNF-[alpha] and 
thiopurine therapy for crohn’s perianal fistulas. Inflamm Bowel Dis 2012;18:1825-1834.

29.  Bruining DH, Sandborn WJ. Do not assume symptoms indicate failure of anti-tumor 
necrosis factor therapy in Crohn’s disease. Clin Gastroenterol Hepatol 2011;9:395-399.

30.  Jones J, Loftus E V, Panaccione R, et al. Relationships between disease activity and 
serum and fecal biomarkers in patients with Crohn’s disease. Clin Gastroenterol Hepatol 
2008;6:1218-1224.

31.  Cipriano LE, Levesque BG, Zaric GS, et al. Cost-effectiveness of imaging strategies to reduce 
radiation-induced cancer risk in Crohn’s disease. Inflamm Bowel Dis 2012;18:1240-1248.

32.  Siegel CA, Hur C, Korzenik JR, et al. Risks and benefits of infliximab for the treatment of 
Crohn’s disease. Clin Gastroenterol Hepatol 2006;4:1017-1024; 976.



101

Chapter 6
Training readers to improve their accuracy 
in grading Crohn’s disease activity on MRI  

J.A.W. Tielbeek 
S. Bipat 

T.N. Boellaard
C.Y. Nio
J. Stoker

 European Radiology May;24(5):1059-67



102

Chapter 6

Abstract

Objectives

To prospectively evaluate if training with direct feedback improves grading accuracy 
of inexperienced readers for Crohn’s disease activity on magnetic resonance imaging 
(MRI).

Materials and methods

Thirty-one inexperienced readers assessed 25 cases as a baseline set. Subsequently, 
all readers received training and assessed 100 cases with direct feedback per case, 
randomly assigned to four sets of 25 cases. The cases in set 4 were identical to 
the baseline set. Grading accuracy, understaging, overstaging, mean reading times 
and confidence scores (scale 0-10) were compared between baseline and set 4, and 
between the four consecutive sets with feedback. Proportions of grading accuracy, 
understaging and overstaging per set were compared using logistic regression 
analyses. Mean reading times and confidence scores were compared by t-tests.

Results

Grading accuracy increased from 66 % (95 % CI, 56-74 %) at baseline to 75 % (95 % CI, 
66-81 %) in set 4 (P = 0.003). Understaging decreased from 15 % (95 % CI, 9-23 %) 
to 7 % (95 % CI, 3-14 %) (P < 0.001). Overstaging did not change significantly (20 % 
vs 19 %). Mean reading time decreased from 6 min 37 s to 4 min 35 s (P < 0.001). 
Mean confidence increased from 6.90 to 7.65 (P < 0.001). During training, overall 
grading accuracy, understaging, mean reading times and confidence scores improved 
gradually.

Conclusions

Inexperienced readers need training with at least 100 cases to achieve the literature 
reported grading accuracy of 75 %.

Key points

• Most radiologists have limited experience of grading Crohn’s disease activity on MRI.
• Inexperienced readers need training in the MRI assessment of Crohn’s disease.
• Grading accuracy, understaging, reading time and confidence scores improved 
during training.
• Radiologists and residents show similar accuracy in grading Crohn’s disease.
• After 100 cases, grading accuracy can be reached as reported in the literature.
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Introduction

The clinical management of patients with Crohn’s disease is evolving and various 
new therapies are available [1]. As medical management differs among the 
disease stages, it is important to distinguish between mild, moderate or severe 
Crohn’s disease activity to allow physicians to pick the best possible therapeutic 
strategy [2, 3].
A major drawback of any study on evaluating Crohn’s disease activity is that 
there is no perfect reference standard. Recently, Vermeire et al. [4] stated that 
ileocolonoscopy and magnetic resonance imaging (MRI) can be used as reference 
standards. Both methods evaluate different aspects of the disease (i.e. mucosal 
vs transmural and extramural disease) and should be used complementary [5].
MRI is increasingly used to determine disease activity in Crohn’s disease 
patients. It is therefore important that the grading accuracy for disease activity 
is sufficiently high.
In a meta-analysis, it was shown that with MRI severe disease activity was correctly 
graded in 91 % of the patients [6]. However, for patients in remission or with mild 
disease, MRI stages only 62 % of patients correctly. Thereby, MRI more often 
overstaged than understaged disease activity. In this meta-analysis, readers 
with different experience levels studied the ability of MRI in grading Crohn’s 
disease activity and no subgroup analysis was provided concerning the level 
of experience of the readers. Another recent systematic review stated that the 
sensitivity and specificity for diagnosing Crohn’s disease depended on the level 
of the reader’s experience [7]. Most radiologists have no or limited experience 
in the evaluation of MRI for grading Crohn’s disease activity and should not be 
expected to initially achieve a grading accuracy level that is comparable to that 
reported in the literature.
A previous study on MRI training [8] reported that most findings of Crohn’s disease 
can already be evaluated with high diagnostic performance before extensive 
training. However, that study concerned only one experienced radiologist and 
two trainees. Importantly, only the presence of the disease was determined, not 
grading disease activity. A study on grading disease activity and a higher number 
of trainees is mandatory to determine whether a high diagnostic performance 
can be reached without dedicated training. If not, it is important to obtain further 
insights into how much experience is needed before a radiologist can accurately 
grade Crohn’s disease activity in clinical practice.
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The aims of this prospective study were:
1.  To determine the overall effect of training by comparing the grading accuracy 

of inexperienced readers before and after training.
2.  To evaluate the performance of inexperienced readers in grading Crohn’s 

disease activity on MRI during training with direct feedback.
For both aims, reading time and confidence were compared.
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Materials and methods

This study was performed at a single tertiary centre and included 31 trainees from 
14 hospitals. The institutional review board approved the study and waived the 
requirement of informed consent for the use of MRI examinations. All trainees gave 
informed consent.

MRI selection

The training cases were extracted from the hospital radiology information system 
and included 100 MR enterography and enteroclysis examinations from patients 
with suspected or known Crohn’s disease, who were examined at the Radiology 
Department of the Academic Medical Centre in Amsterdam between June 2008 and 
May 2012. All patients were imaged with a 1.5 T unit (Siemens, Erlangen, Germany) or 
a 3.0 T unit (Philips Healthcare, Best, The Netherlands) in the supine position and the 
scan protocol included at least a T2-weighted sequence, a fat saturated T1-weighted 
unenhanced sequence and a post-contrast enhanced sequence [9]. Examinations 
performed with enterography or enteroclysis, 1.5 T or 3 T and irrespective of image 
quality, were extracted for the training program. This reflects daily practice, and 
we did not expect substantial differences between MRI methods and between field 
strengths [10, 11]. All MRI examinations were anonymised and loaded on a PACS 
system (Impax 6.0; AGFA Healthcare, Agfa-Gevaert, Mortsel, Belgium) for this study.
One-hundred MRI examinations with a diagnosis of either none, mild, moderate and 
severe disease activity were randomly assigned to four different training sets of 25 
cases using Microsoft Excel (version 2003). Note was made that every set contained 
both enterography/enteroclysis and 1.5-T/3-T examinations, although no attempt 
was made to distribute these evenly over the sets.

Assessment of Crohn’s disease activity

For defining the reference standard, all MRI cases were evaluated in detail by an 
expert panel. The expert panel consisted of two abdominal radiologists and a 
radiology fellow with special interest in abdominal MRI, all with extensive experience 
in evaluating Crohn’s disease activity with MRI. Our expert panel was blinded to 
the clinical interpretation of the disease activity. Uncertainties were resolved by 
discussion. In the event of any ambiguity, endoscopic assessment was used to 
confirm the presence or absence of the disease activity. The disease activity was not 
established in consensus with a gastroenterologist.
The per-patient assessment of disease activity was based on the MR score system of 
Steward et al. [12] and supplemented with evaluating the presence of complications, 
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as these reflect disease activity as well and impact management (Table 1). Lesions in 
the small bowel and colon were assessed. The following MRI features were recorded 
for each patient: mural thickness, mural T2 signal, T1 contrast enhancement, T1 
enhancement pattern, total length of disease and comb sign (vascular enlargement of 
the vasa recta). The following complications were determined: the presence of severe 
stenosis, infiltrate, abscess and/or fistula. Lumen reduction of at least 80 % with 

Table 1. MRI activity grading, score of features and complications per patient (12). Lesions in 
the small bowel and colon were assessed. In case of involvement of more than one lesion, the 
lesion with the highest activity score was leading in the final assessment.

MRI features Score of MRI features

0 1 2 3

Thicknessa ≤ 3 mm > 3 – 5 mm > 5 – 7 mm > 7 mm

Mural T2 signalb Normal bowel Minor  
increase

Moderate 
increase

Marked 
increase

T1 enhancementb Normal bowel Minor  
increase

Moderate 
increase

Marked 
increase

T1 enh. pattern N/A Homogeneous Mucosal Layered

Total length 0 cm 0 – 5 cm 5 – 15 cm > 15 cm

Comb sign N Y

Presence of complications

Infiltratec N Y

Abscess N Y

Fistula N Y

Severe stenosisd N Y

a. Measured using electronic calipers. 
b. Compared to normal small bowel.
c. Tethering and kinking of bowel loops was considered as an infiltrate.
d. Lumen reduction (> 80%) with prestenotic dilation, wall thickening (> 3 mm) and 
increased (moderate/severe) mural T2 signal was considered as a severe stenosis with active 
disease.

Table 2. Description of disease activity based on MRI features and complications in table 1.

Crohn’s disease activity

None No signs of Crohn’s disease activity.

Mild Signs of activity. No features with score 3. No complications. Total score ≤ 8.

Moderate Score 9-13 or contains a feature with score 3. No signs of complications.

Severe Presence of at least one complication or a total score of ≥ 14.
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prestenotic dilation, and increased (moderate/severe) mural T2 signal was considered 
as a severe stenosis with active disease. Tethering and kinking of bowel loops was 
considered as an infiltrate. We subsequently constructed an arbitrary disease activity 
scoring system that in our opinion best fitted the present state of the art in MRI 
grading and disease management. Subjects were included in four categories of 
disease activity based on the scoring system and presence of complications: no, 
mild, moderate and severe activity (Table 2). In case of involvement of more than one 
lesion, the lesion with the highest activity score was leading in the final assessment.

Trainees

Thirty-one trainees from four academic, six teaching and four general hospitals 
without (n = 14) or with limited (n = 17) MRI experience (<25 MR enterography/
enteroclysis exams) for evaluating Crohn’s disease started the MRI training program 
between May 2012 and March 2013. Fourteen of the 31 trainees were radiologists 
(8 male; mean age 44 years, range 32 – 59 years; mean experience as radiologist, 
10 years). The other 17 were residents (10 male; mean age 31 years, range 26–
37 years; mean experience as resident, 3 years).

MRI training program

The trainees started reading a document explaining the different sequences used and 
the features to be evaluated and read three articles [12–14]. At our institution, the 
trainees were familiarised with the PACS workstation so that they were able to use 
the software. One example case was used for explanation of the sequences and the 
MRI scoring system. Subsequently they evaluated the first set of 25 cases (baseline 
set), followed by a 1-h lecture with examples from the study coordinator and a 1-h 
workshop with three example cases and personal instructions from an experienced 
abdominal radiologist (J.S.). Thereafter, the trainees started with four consecutive 
sets of 25 cases with direct feedback.
For the evaluation of all cases, an internet questionnaire form ( http://mrentero.
webklik.nl ) was developed for the trainees providing case number and surgical 
history for every case. The trainees were asked to score all MR features and grade 
Crohn’s disease activity using Tables 1 and 2. Furthermore, they were asked to fill 
in their confidence of grading on an 11-point scale (from 0 to 10). Reading time per 
case was measured with a digital clock. The trainees were obligated to score all MR 
features per case and complete the form before they received feedback, namely a 
detailed report of the examination by the expert panel. The trainees had to complete 
the training within 1 month.



108

Chapter 6

The first set of 25 cases was assessed twice; as a baseline set at the beginning of the 
training without feedback and as last set (set 4), with feedback, in a different order. 
The trainees were not aware that this set was assessed twice. The training program 
is shown in Fig. 1.

Statistical analysis

Two methods were used to evaluate the effect of training with feedback. First, the 
overall effect of training with feedback was determined by comparing the grading 
accuracy of the baseline set (before training) to set 4 (after training with feedback), 
which included identical cases (Fig. 2). Subgroup analyses were performed to evaluate 
the grading accuracy for radiologists and residents, and for disease activity stage.

Fig. 1. Flowchart of training program.
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Fig. 2. 3-T MR enterography images of a 31 year old female patient with Crohn’s disease, who 
underwent an ileocecal resection in the past, show mild Crohn’s disease activity. (a) Coronal T2-
weighted image shows wall thickening (4.5 mm) in the neoterminal ileum and mild increased 
T2 mural signal intensity on (b) axial T2-weighted image with fat saturation (arrows). Contrast-
enhanced (c) coronal and (d) axial T1-weighted images with fat saturation show homogeneous 
and moderate increased contrast enhancement of the bowel wall over a length of 5 cm (arrows). 
Ileocolonoscopy one week later showed superficial ulcerations in the neoterminal ileum over 
a length of 6 cm. Twelve out of 31 trainees graded this case correctly before training, in the 
baseline set. The other trainees graded this case as no (n=2), moderate (n=11) or severe (n=6) 
activity. After following the MR training program at our institution, 21 out of 31 trainees graded 
this case as mild disease activity and 10 out of 31 as moderate activity.
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Second, in case an overall effect of training with feedback was seen, the effect of 
training was studied as a learning curve hypothesis. This was done by comparing 
the grading accuracy of the four consecutive sets with feedback. Subgroup analyses 
were performed to evaluate the accuracy for radiologists and residents and for each 
disease activity stage.
Trainee performance before (baseline set) and after training with feedback (set 4)
The average reader grading accuracy, understaging and overstaging for the baseline 
set were compared with set 4. Trainees evaluated all cases independently; therefore, 
we regarded these measurements as independent repetitions; however, to correct 
repeated measurements among trainees we used a generalised estimating equation 
(GEE) method to estimate grading accuracy, understaging and overstaging. To 
compare grading accuracy, understaging and overstaging between sets, we added 
the datasets as covariates in the GEE model and a significant regression coefficient 
was considered to show difference between sets. Grading accuracy, understaging 
and overstaging values with corresponding confidence intervals were obtained by 
antilogit transformation of the logit values and standard errors of the GEE models. 
Mean confidence scores and mean reading times were first calculated per case and 
subsequently means per sets were calculated. Differences between means were 
tested for statistical significance using the paired t-test.
Trainee performance during training with feedback in four consecutive sets of 25 
cases
The same model and outcomes as described above was used to compare grading 
accuracy, understaging and overstaging between the sets. Mean confidence scores 
and mean reading times were calculated as described above and were tested for 
statistical significance by ANOVA following post-hoc Bonferroni test.
For all analyses, a P value <0.05 indicated a statistically significant difference and 
SPSS Statistics 20 (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 5.01 (La 
Jolla, CA, USA) were used.
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Results

Twenty-five of the 100 cases had no disease activity as determined by the expert 
panel, 23 had mild disease activity, 28 had moderate disease activity and 24 had 
severe disease activity. In three cases, there were still uncertainties after discussion 
and endoscopic assessment was used to confirm the absence or presence of disease 
activity. Table 3 summarises the demographic data of the patients and examinations 
used for this study.

Trainee performance before (baseline set) and after training with 
feedback (set 4)

The overall grading accuracy of all trainees increased significantly, from 66 % (95 % 
CI, 56-74 %) in the baseline set to 75 % (95 % CI, 66-81 %) in set 4 (P = 0.003). 
Understaging of disease activity by all trainees decreased significantly, from 15 % 
(95 % CI, 9-23 %) to 7 % (95 % CI, 3-14 %) (P < 0.001). Overstaging of disease activity 
did not change significantly: 20 % (95 % CI, 13-29 %) versus 19 % (95 % CI, 13-27 %).
For radiologists, the grading accuracy increased from 65 % (95 % CI, 55-74 %) to 75 % 
(95 % CI, 67-82 %) (P = 0.018), and for residents, the grading accuracy increased from 
66 % (95 % CI, 55-75 %) to 74 % (95 % CI, 65-81 %) (P = 0.002). Grading accuracies 
between radiologists and residents showed no significant differences.
Grading accuracy was evaluated per disease severity stage. The grading accuracy 
of all trainees in staging as none, mild, moderate and severe Crohn’s disease in 

Table 3. Patient and MRI imaging characteristics.

Parameter All 
(n=100)

Baseline 
/ set 4 
(n=25)

Set 1 
(n=25)

Set 2 
(n=25)

Set 3 
(n=25)

Sex male / female 38 / 62 13 / 12 8 / 17 7 / 18 10 / 15

Age at time 
of imaging

years, 
mean (SD)

38 (14) 37 (13) 42 (15) 35 (15) 37 (12)

Previous 
surgery 

n (%) 47 (47%) 11 (44%) 14 (56%) 10 (40%) 12 (48%)

MRI 
technique

1.5-Tesla 
3.0-Tesla

60
40

20
5

14
11

16
9

10
15

Preparation enterography  
enteroclysis

77
23

16
9

20
5

17
8

24
1

Disease 
activity of the 
patients per 
examination

none
mild
moderate
severe

25
23
28
24

7
6
5
7

6
5
8
6

6
6
8
5

6
6
7
6
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the baseline set was 79 % (95 % CI, 63-89 %), 55 % (95 % CI, 44-66 %), 44 % (95 % 
CI, 32-56 %) and 76 % (95 % CI, 54-90 %), respectively. In set 4, these values were 
respectively 75 % (95 % CI, 62-84 %), 70 % (95 % CI, 55-82 %), 63 % (95 % CI, 54-71 %) 
and 87 % (95 % CI, 62-96 %). Grading accuracy of mild, moderate and severe disease 
activity improved significantly between baseline set and set 4 (P = 0.004, P = 0.001 
and P = 0.018, respectively).
The mean reading time decreased significantly from 6 min 37 s (95 % CI, 5 min 
57 s–7 min 17 s) per case in the baseline set to 4 min 35 s (95 % CI, 4 min 23 s–4 min 
48 s) per case in set 4 (P < 0.001). The mean confidence improved also, from 6.90 
(95 % CI, 6.63–7.17) per case in the baseline set to 7.65 per case in set 4 (95 % CI, 
7.38–7.92) (P < 0.001).

Trainee performance during training with feedback in four consecutive 
sets of 25 cases

Overall grading accuracy for all trainees in the four consecutive sets with feedback 
was 51 % (95 % CI, 41-60 %), 60 % (95 % CI, 51-69 %), 63 % (95 % CI, 52-72 %) and 
75 % (95 % CI, 66-81 %), respectively. A statistically significant increase was seen 
between set 1 and 4 (P < 0.001) and between set 2 and 4 (P = 0.018) (Fig. 3a).
Understaging was present in 23 % (95 % CI, 15-33 %), 23 % (95 % CI, 15-33 %), 19 % 
(95 % CI, 11-30 %) and 7 % (95 % CI, 3-14 %) of the cases for the four consecutive sets 
with feedback, respectively (Fig. 3b). Differences were significant between the first 
three sets and set 4 (P = 0.002, P = 0.005 and P = 0.025, respectively). Overstaging 
was present in 25 % (95 % CI, 19-34 %), 17 % (95 % CI, 12-25 %), 19 % (95 % CI, 12-
28 %) and 19 % (95 % CI, 13-27 %) of the cases for the four consecutive sets with 
feedback, respectively (Fig. 3c). No significant decrease in overstaging was reported 
between the different sets.
For radiologists, the grading accuracies were 52 % (95 % CI, 42-61 %), 57 % (95 % CI, 
47-67 %), 61 % (95 % CI, 51-70 %) and 75 % (95 % CI, 70-82 %) in set 1, 2, 3 and 4, 
respectively. A statistically significant increase was seen between set 1 and 4 (P < 
0.001), between set 2 and 4 (P = 0.006) and between set 3 and 4 (P = 0.023).
For residents, the grading accuracies were 51 % (95 % CI, 41-61 %), 62 % (95 % CI, 52-
71 %), 64 % (95 % CI, 52-74 %) and 74 % (95 % CI, 65-81 %), respectively. In this group 
only a statistically significant increase was seen between set 1 and set 4 (P = 0.001). 
There were no significant differences between the grading accuracies of radiologists 
and residents during training.
The grading accuracy per stage, of all trainees in distinguishing none from mild, 
moderate and severe Crohn’s disease activity in the four consecutive sets with 
feedback are presented in Table 4.
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Fig. 3. Graphs shows the average grading accuracy (a), understaging (b) and overstaging (c) in 
grading Crohn’s disease activity with 95% corresponding confidence intervals of all trainees per 
training set of 25 cases with direct feedback. 
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The mean reading time decreased as the trainees evaluated more MRI examinations. 
The mean reading time was 5 min 55 s (95 % CI, 5 min 40 s–6 min 9 s), 4 min 45 s 
(95 % CI, 4 min 29 s–5 min 1 s), 4 min 37 s (95 % CI, 4 min 25 s–4 min 49 s) and 
4 min 35 s (95 % CI, 4 min 23 s–4 min 48 s) per case, for the four consecutive sets 
with feedback, respectively (Fig. 4). A significant decrease in reading time was seen 
after set 1 (P < 0.001).
The mean confidence was 6.87 (95 % CI, 6.56–7.18), 7.28 (95 % CI, 7.03–7.53), 7.26 
(95 % CI, 6.95–7.57) and 7.65 (95 % CI, 7.3 –7.92) per case, for the four consecutive 
sets with feedback, respectively (Fig. 5). Confidence improved significantly between 
set 1 and set 4 (P = 0.002).

Fig. 4. Graph shows the average reading 
in minutes per case with corresponding 
95% confidence intervals of all trainees 
per set of 25 cases. 

Table 4. Grading accuracy per disease activity (with 95% confidence intervals) in the four 
consecutive sets with direct feedback.

Set 1 (n=25) Set 2 (n=25) Set 3 (n=25) Set 4 (n=25)

None 62% (49-74%) 84% (77-89%) 77% (57-90%) 75% (62-84%)

Mild 43% (31-55%) 53% (40-65%) 49% (33-65%) 70% (55-82%)

Moderate 38% (27-51%) 28% (19-39%) 45% (31-59%) 63% (54-71%)

Severe 80% (71-86%) 75% (59-87%) 83% (68-92%) 87% (62-96%)
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Discussion

In this study, we found that inexperienced radiologists and residents show a significant 
improvement in grading accuracy, understaging, reading time and confidence scores 
in staging Crohn’s disease activity with MRI during training with direct feedback.
Our results underscore that training is needed before inexperienced readers can 
assess Crohn’s disease activity in clinical practice [7]. Before training, interpretation 
of abdominal MRI is rather variable, related to inexperience in identifying and 
weighing relevant features. During training, inexperienced readers show a gradual 
increase in the ability to grade Crohn’s disease activity. After training and evaluating 
100 MRI examinations with direct feedback, readers achieve a level that is similar to 
that reported in the literature [4].
At the end of the training, severe disease activity was correctly evaluated in 87 % of 
the cases, while none, mild and moderate activity (75 %, 70 % and 63 %, respectively) 
was less accurately graded. Overstaging of disease activity was more frequently 
reported than understaging. These findings are in concordance with a meta-analysis 
on staging Crohn’s disease activity [6] and reflect the present strength and limitations 
of MRI in this setting.
Several studies have been published on the value of MRI in detecting disease activity 
and assessing severity compared with colonoscopy or pathology data [15–20]. For the 
assessment of disease activity, several scoring systems have been proposed recently 
[12, 21–23]. Two systems were evaluated in an independent patient cohort and 
were equally good concerning reproducibility and agreement with ileocolonoscopy 
[24]. However, both scoring systems do not evaluate complications important for 
management, like fistulas or stenoses. Therefore, we adopted one of the scoring 
systems, proposed by Steward et al. [12], and expanded the score with an assessment 

Fig. 5. Graph shows the average 
confidence per case with corresponding 
95% confidence intervals of all trainees 
per set of 25 cases.
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of disease length and assessment of extra-enteric complications. This expanded 
score was not validated, but we do not consider this as a substantial limitation as the 
aim of this study was evaluating the effect of training and a comparison between MR 
and different reference standards is beyond the scope of our study.
Very little is known about the effect of training on reading gastrointestinal MRI. One 
study about training acute appendicitis on MRI found similar results; an improved 
diagnostic accuracy and reading time was seen in 17 trainees [25]. In addition, the 
beneficial effect of adding diffusion-weighted imaging (DWI) to their imaging protocol 
was evaluated. This could have been interesting for our study as well. Unfortunately, in 
our hospital DWI in patients with Crohn’s disease is only performed when intravenous 
contrast medium is contraindicated [26]. Therefore, we did not have enough cases 
with DWI available for training. An advantage of our study was that 25 cases were 
assessed twice. Our trainees were not aware that this set was assessed twice and 
did not receive feedback in the baseline set. In this way, we were able to determine 
the accuracy in staging Crohn’s disease activity of our trainees before the training 
program with their grading accuracy at the end of the training program.
The readers graded severe disease activity most accurately, which is a relevant 
finding given the present limitations in correctly identifying mild disease activity. Our 
study confirms that efforts should be made to further increase the accuracy of MRI in 
grading mild and moderate disease activity.
We trained our readers to evaluate both small bowel and colonic lesions. Both MR 
enterography and enteroclysis cases were used. In our opinion, colonic disease 
can be assessed with enterography and enteroclysis. However, a rectal enema or 
enterocolonography should be preferred to obtain optimal colonic distension and 
evaluation. This is especially important in cases were colonic disease is suspected.
Crohn’s disease activity was assessed per patient. It would have been interesting to 
assess the disease activity per segment. However, the main purpose of our study was 
to teach inexperienced readers how to interpret an abdominal MRI in patients with 
Crohn’s disease. Therefore, we have chosen to evaluate all cases on a per patient 
basis.
Staging disease activity depends on several parameters. One of these parameters 
is contrast enhancement. Anatomical differences exist in segmental blood supply; 
the right colon is supplied via the superior mesenteric artery, the left by the inferior 
mesenteric artery and the lower rectum via the iliac vessels. Contrast enhancement 
can, therefore, differ between different segments (highest contrast enhancement 
can be seen in the jejunum and sigmoid/rectum) [27, 28]. Therefore, inexperienced 
readers might have difficulty in appropriate determining enhancement and may 
therefore overstage disease activity in the jejunum and sigmoid.
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A limitation of our study is the use of an expert panel as reference standard. We 
have chosen this above colonoscopy only or pathology only as no perfect reference 
standard is available for Crohn’s disease. Endoscopy evaluates the mucosa of colon 
and terminal ileum in detail. However, no information of transmural and extramural 
disease can be acquired, as well as disease activity proximal of the terminal ileum. 
Pathological assessment of surgical specimens provides mucosal and transmural 
information, but can only be acquired in a subset of patients with severe or late-stage 
disease activity. Therefore, we have chosen to use an expert panel with extensive 
experience to grade multiple MRI features and use an identical scoring system for 
all cases as reference standard. For the overall per patient assessment by the expert 
panel, including a gastroenterologist might have been beneficial for strengthening 
the reference standard. A somewhat comparable approach has been advised for the 
reference standard for CT colonography [29]. It can be argued whether our expert 
panel should have read the images independently, before reaching consensus [30].
Another potential limitation was that the cases in our training were in similar order 
for all trainees. In our view, this is not an important limitation because we randomly 
divided the examinations into the different sets and made sure that the proportion of 
patients with different disease activities was similar among the four sets of 25 cases. 
In this way, no major differences between sets regarding MR technique were present 
(Table 3). Besides, we found a significant increase in grading accuracy between the 
baseline set and the identical last set of cases.
Disease activity was assessed in the small bowel and colon, while we included 
MRI examinations without the use of a rectal enema for providing optimal colonic 
distension. All cases concerned MR enterography and MR enteroclysis. Colonic 
distension might differ between these techniques, but this was part of the assessment 
in this study. To our knowledge, no studies have compared the distension of the 
colon with enteroclysis or enterography and this might be interesting to evaluate.
We had included 100 cases, presuming that this would be sufficient to identify the 
number of cases needed to obtain reading results comparable to the literature [6]. 
Although this number of cases was sufficient for this goal, we do not know whether 
trainees could further improve their staging accuracy if more cases had been provided.
In conclusion, we found that inexperienced readers can benefit from training with 
direct feedback, and showed increased grading accuracy, confidence and decreased 
reading times in grading Crohn’s disease activity on MRI. Understaging decreased 
significantly during training, but overstaging did not. Training with at least 100 cases 
with direct feedback of MR interpretation of Crohn’s disease activity is needed before 
inexperienced readers can achieve a grading accuracy level of 75 % as reported in 
the literature.
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Abstract

Magnetic resonance imaging is increasingly used for abdominal evaluation and 
is more and more considered as the optimal imaging technique for detection of 
mural inflammation in patients with Crohn’s disease. Grading the disease activity is 
important in daily clinical practice to monitor the medical treatment and is assessed 
by evaluating different magnetic resonance imaging features. Unfortunately, only 
moderate interobserver agreement is reported for most of the subjective features 
and should be improved. A computer-assisted model for automatic detection of 
abnormalities, ability to grade disease severity, and thereby influence clinical disease 
management based on magnetic resonance imaging is missing. Recent techniques 
have focused on semi-automated methods for classification and segmentation of the 
bowel and also on objective measurement of bowel wall enhancement using absolute 
T1-values or dynamic contrast-enhanced imaging. This article reviews the available 
computerized techniques, as well as preferred developments.
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Introduction

Abdominal magnetic resonance imaging (MRI) is widely used for diagnosing and 
grading luminal Crohn’s disease (CD). It typically involves a luminal (oral) and an 
intravenous contrast medium in order to combine transmural and extra-intestinal 
evaluation of disease activity. Grading disease activity is important in daily clinical 
practice to monitor the often costly and burdensome medical treatment and define 
treatment strategies. In addition, pharmaceutical trials increasingly employ MRI as 
outcome measure.
Conventionally, disease activity is assessed by evaluating the presence of mural 
changes (e.g., wall enhancement, bowel wall thickening, wall edema, and stratification), 
stenoses, length of the involved segments, skip lesions and complications (e.g., 
fistulas) [1–7]. In fact, almost all articles on MRI in luminal CD use these MRI features 
for assessment of disease activity [8, 9] and these features are considered most 
important by international experts [10].
However, grading the disease activity based on these MRI features has intrinsic 
limitations related to restrictions of the MRI technique. Also, it is a subjective 
evaluation while varying weight is attributed to these features. For instance, Jensen et 
al. [11] found only moderate interobserver agreement (kappa = 0.48) in detection of 
CD with MR enterography. Another recent study by Ziech et al. [12] reported a weak 
to moderate interobserver agreement for most of the subjective MRI features. This 
is in accordance with other studies comparing interobserver variability of subjective 
MRI features [13, 14]. A questionnaire among international research groups showed 
that different weight is given to certain features and different grading systems are 
used, hampering comparison of study results [10]. For example, some reviews [15, 
16] presented absolute contrast enhancement as a marker of disease activity, while 
others dispute this [7, 17]. Based on the present methods of grading, MRI has been 
shown to be accurate for severe disease (in 91% of cases accurate grading), but 
mediocre for mild disease or remission (accurate grading in only 62% of cases) [18].
In a recent study Rimola et al. [19] used multivariate analyses correlating radiological 
features to the Crohn’s disease endoscopic index of severity (CDEIS). The independent 
variables included in this regression analysis were those with statistical significance 
(i.e., P < 0.05) in a univariate test. As such, the regression analysis rendered 
objectively determined weights that were attributed to the independent variables 
in a Magnetic resonance index of activity (MaRIA). This MaRIA score had a high-
diagnostic accuracy both in a derivation cohort and an independent validation cohort 
for diagnosis of active CD [20]. The study confirmed the radiologic changes that 
should be evaluated to that end, which were wall thickening, wall signal intensity, 
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relative contrast enhancement, the presence of edema, ulcers, enlarged lymph nodes, 
and pseudopolyps.
Clearly, a system is preferred that renders a fine grading of the disease severity for 
accurate treatment monitoring. Further, for surgical treatment the location of the 
disease and the length of the involved segments are important as well. At present 
the radiologist’s reading of the length of involved segments is relatively cumbersome 
and no data are available on the accuracy and the precision.
For an optimal evaluation of response monitoring, MRI should be a robust, objective 
and reproducible technique. Applying a (semi-)automated method might improve 
the interobserver variation and allow a finer diagnosis scale as compared to the gross 
scale (remission—mild—severe) used by the radiologist. Therefore, development 
of computer-assisted diagnosis tools for quantitative image-based analysis of CD 
is pivotal. This article aims at reviewing the semi-automated techniques that are 
currently available for assessment of CD severity.
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Semi-automated methods in Crohn’s disease

The literature on semi-automated methods in CD is very sparse. Much work that has 
been done on (semi-)automated methods related to imaging of the gastrointestinal 
tract concerns CT colonography. Specifically, over the past years many (semi-)
automated techniques for CT colonography were developed such as sophisticated 
techniques for visualization of the bowel surface [21], electronic bowel cleansing 
[22], and computer aided detection [23] in CT colonography. These techniques 
proved helpful and have led to the use of these techniques in daily practice.
One might expect that such methods can be used in MRI of Crohn’s disease as well. 
However, in contrast to the values in CT images, which represent well reproducible 
CT numbers, values in MR images depend on a large number of variables and have 
no absolute meaning. Specifically, MRI images are influenced by signal fluctuations 
that emanate both from global (bias field) as well as local effects (heterogeneities 
in tissue). The resulting variation in signal value precludes simple approaches (e.g., 
thresholding) for MRI data. Presumably, the complexity of processing MR data has 
resulted in a limited number of practically used and studied techniques.
One study reports on automated methods that take into account multiple imaging 
features to identify small bowel loops (segmentation) and to quantify aspects of 
disease severity (feature measurement) [8, 24]. A 2D steady-state free precession 
(FIESTA) scan was used in combination with a fat suppressed scan to correctly 
segment the bowel. Registration of the scans was needed, because of patient 
motion and temporal movement of the bowel. The FIESTA scans served as input for 
a Gaussian classifier which tentatively divided the dataset into different components: 
fat, muscle/background and enhancing bowel. The remaining bowel regions were 
finally segmented on the fat suppressed scan. The operator could then select the 
objects of interest and label them as enhancing bowel. In the end, this might help to 
objectively assess inflammation, and determine its multifocality, severity, length, and 
radial involvement.
Unfortunately, complete automation seemed to be not feasible due to the variability 
in the intensity values and significant artefacts that emanated from the imaging 
process. The proposed image processing methods were designed to facilitate the 
evaluation process and reduce the effort required by the radiologist to a few minutes. 
The registration, classification, and segmentation might be further automated by 
the application of prior knowledge and heuristic rules [24]. Therefore, additional 
research is required.
Another development concerns objective measurements of enhancement. Pathological 
increase in bowel wall T1-signal intensity (enhancement) after intravenous (IV) 
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administration of Gadolinium is an important characteristic of active CD (see above) 
[2, 10]. The increase of the longitudinal relaxation rate (1/T1) is directly proportional 
to the tissue concentration of the contrast medium [26]. Therefore, calculation of 
the absolute T1-values in tissue before and after IV injection of Gadolinium would 
provide objective measurements of the Gadolinium-uptake. Inter- and intraobserver 
variability of manual measurement of the bowel wall enhancement is reported to be 
poor, but improving after choosing fixed regions-of-interest (ROI) [15, 27]. As such, 
bowel wall enhancement may be assessed in a more objective manner.
Alternatively, methods have been evaluated to objectively score disease activity 
in patients with CD using features of the uptake curves from dynamic contrast-
enhanced (DCE-) MRI [1]. The slope of enhancement, a semi-quantitative parameter, 
has correlated negatively with microvessel density and positively with disease 
chronicity suggesting that chronic low perfusion may stimulate new vessel formation 
[28]. Semi-quantitative parameters such as curve shape have also been found to 
correlate with disease score in perianal CD [29]. All such quantitative parameters are 
in themselves reviewer-independent.
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Discussion

There is a clear demand for semi-automated evaluation of MRI in CD. Currently, a 
computer-assisted diagnosis tool for automatic detection of abnormalities, ability 
to grade disease severity, and thereby influence clinical disease management based 
on MRI is missing. Development of such a system is a complex task, particularly 
due to the signal fluctuation inherent to MRI. Moreover, the limited thickness of 
the bowel wall and the presence of peristalsis further complicates the development 
of new techniques. A combination of (semi-)automated segmentation and different 
registration techniques to identify, respectively, align regions of interest in MRI images 
would be extremely useful. This should facilitate the measurement of descriptive 
properties of CD activity in the images and the application of pattern recognition 
techniques to detect and rate abnormalities. In turn, the latter would support the 
establishment of a combined, objective, and quantitative disease severity index.
It may be anticipated that such tools requires several technical developments.
An important step in the development of a computer-assisted model might be the 
(semi-)automated identification of the bowel surface. Initially, a radiologist could 
manually select a region in an intestinal segment where CD activity is expected. 
Subsequently, the model would locally identify the bowel wall, from which the wall 
thickness and enhancement could be deduced. In addition, the model might give the 
length of the affected part of the segment. The model would assist the radiologist in 
this way by objectively quantifying features of the affected bowel segment, which in 
itself already could be very useful in the follow-up of patients.
Fully automated object detection (detection of diseased regions without user 
interaction) is considered a very difficult task in the context of MRI, which may not be 
achieved shortly. Clearly, such a system would be favourable in the future, though.
Registration of the different MRI images to have spatially corresponding data might 
be a crucial step in the development of a computer-assisted model [24]. This would 
facilitate a combined assessment of multiple MRI features (bowel wall thickness, 
signal intensity on T2- weighted images, enhancement after intravenous contrast 
and stratification) from different sequences. As such, it may provide the radiologist 
a better overview of the location and characteristics of the abnormalities in the GI 
tract. For example, to determine whether an intestinal segment is fibrotic or not, a 
radiologist has to evaluate the signal intensity and stratification of the bowel wall 
on a post contrast T1-weighted sequence and a T2-weighted sequence (Figs. 1, 2). 

Based on the aforementioned features (e.g., bowel wall thickness, signal intensity 
on fat sat T2, layered enhancement), a sophisticated pattern recognition technique 
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might automatically compute the probability that the segment is affected by CD, and 
even determine if it is fibrosed and/or inflamed. Subsequently, the radiologist could 
be informed about the characteristics of the segment at a glance.
Eventually, the tool could even indicate the grade of inflammation of the segment by 
means of visualization techniques thereby improving the perception and accelerating 
the recognition time [30].
A further highly needed technical development will be to combine MR, laboratory 
(e.g., C-reactive protein) and clinical data (e.g., the Harvey Bradshaw index [31] 
or Crohn’s Disease activity index [32]) for a more reliable and precise diagnostic 
performance. The combination of quantitative imaging and clinical biomarkers of 
disease will activity draw on the strengths of both methodologies and it is anticipated 
that it will add to the robustness of any predictive model.
Moreover, a visualization software toolbox could enable interactive visualization of 
the bowel and the bowel wall characteristics. It will feature techniques for concurrent 
visualization of the multiscale clinical patient data as well as the properties measured 
by image analysis and classification.
Finally, it is expected that patient education will be supported by developed 
visualization techniques. Patient education is becoming an increasingly important 
aspect of medical care. Illustrations can be a valuable aid in explaining diagnoses and 
treatments [33]. Recent progress [34] in the area of illustrative visualization seeks to 
reproduce the expressiveness and comprehensibility of traditional illustrations using 
advanced visualization techniques.
Perceptually effective visualization techniques as well as methods to evaluate their 
effectiveness will support this development [30]. Such an approach makes it feasible 
to generate patient-specific depictions of particular pathologies which are easy to 
understand for laymen. Similar techniques may also be used to aid medical education 
and communication [35].
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Conclusions

(Semi-)automated assessment of Crohn’s disease is not fiction anymore as already 
limited tools are available. However, substantial steps have to be made to come 
to robust (semi-)automated assessment tools. It would be a ground-breaking 
development if the radiologist could be assisted by automatic detection and 
quantification of abnormalities at MRI of the gastrointestinal tract and have an 
objective assessment of disease severity.
To that end ICT tools should be created that extract regions of interest (semi-)
automatically from MRI data, analyze the small bowel by use of mural features, use 
a classifier to predict the presence of active Crohn‘s disease and the ability to grade 
disease severity in the near future. 
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Fig. 1. Forty-two-year-old female patient with Crohn’s disease who previously underwent an 
ileocecal resection. (A) Coronal balanced steady-state free precession (true-FISP) image with 
fat saturation, (B) coronal T1-weighted volume interpolated breath hold imaging (VIBE) post 
contrast image with fat saturation, (C) transverse Half-Fourier single shot RARE (HASTE) image, 
and (D) transverse T1-weighted VIBE post contrast image with fat saturation shows bowel wall 
thickening and post contrast mucosal wall enhancement. On the HASTE sequence high signal 
intensity of the bowel wall due to oedema is visible (arrow), it could also be related to fat in the 
wall but based on the other sequences this could be excluded (use of (additional) fat saturation 
HASTE sequence is preferable; see Fig. 2E). The mucosal wall enhancement and the high signal 
intensity on T2 (HASTE) are features indicating acute disease activity. The length of the affected 
segment is approximately 40 cm. 
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Fig. 2. The same Crohn’s disease patient as in Fig. 1; nine months later after treatment with 
adalimumab.
(A) Coronal true-FISP image, (B) coronal T1-weighted VIBE post contrast image, (C) transverse 
HASTE image, (D) transverse T1-weighted VIBE post contrast image, (E) axial HASTE image with 
fat saturation and (F) an axial true-FISP sequence shows wall thickening and still increased 
enhancement. Edema has decreased as compared to Fig. 1, indicating less active disease. 
Prominent engorged vasa recta in the mesentery (comb sign) are also identified (asterisk). The 
length of the affected segment remains approximately 40 cm. Mapping different sequences by 
ICT tools would give the radiologist a better overview of the same segment, and a better insight 
in differentiating between fibrosis and inflammation. Further, objective measurement of the 
length and/or wall enhancement would help the radiologist and gastroenterologist in therapy 
monitoring. 
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Summary

Different imaging modalities can be used to diagnose and stage Crohn’s disease. 
The imaging modalities that are most often used are computed tomography (CT), 
magnetic resonance imaging (MRI), ultrasound and scintigraphy. The extent to which 
the different - scenario modalities are utilised depends on the clinical scenario, 
preference of the clinician and radiologist along with the institutions collective 
expertise. Each modality also has advantages and disadvantages to be considered 
within this context. In recent years, many studies have been performed investigating 
the potential of the different imaging modalities to grade Crohn’s disease activity. 
However, the grading accuracies of the imaging modalities varied widely between 
these studies. In this thesis in chapter 2, we have performed a meta-analysis of 19 
studies evaluating the accuracy and the level of under- and overstaging of Crohn’s 
disease severity grading with CT, MRI, ultrasound and scintigraphy. Per-patient data 
showed overall grading accuracy values for CT, MRI, ultrasound and scintigraphy 
of 86%, 84%, 44% and 40%, respectively. Per-segment data showed overall grading 
accuracy values for CT, MRI, ultrasound and scintigraphy of 87%, 78%, 66% and 
86%, respectively. It was found that CT and MRI had a comparable grading accuracy. 
Absence of ionizing radiation is preferable in patients with Crohn’s disease, as this 
group often requires frequent re-evaluation of their disease status. Therefore, MRI is 
the preferred imaging modality.

In fact, MRI is increasingly used to evaluate Crohn’s disease activity because of the 
accuracy, lack of ionizing radiation and the versatility of the technique providing 
several imaging characteristics of the bowel wall. Numerous MRI characteristics 
(features) in MRI sequences have been proposed to assess disease activity. Recently, 
quantitative scoring systems based on a number of these features have been 
proposed, such as the MR index of activity (MaRIA) and Crohn disease MRI index 
(CDMI) score (1,2). However, distinct interobserver variability has been reported 
for many of the features. In chapter 3, we determined the reproducibility of the 
different MRI features and these two scoring systems between four observers. In 
addition, the scores from these scoring systems were compared with objective 
scores judged at ileocolonoscopy, which remains the current reference standard for 
assessing Crohn’s Disease. The reproducibility of individual MRI features showed 
fair-to-good interobserver variability with intraclass correlation coefficient (icc) or 
kappa values from 0.30 to 0.69. Wall thickness in millimeters, presence of edema, 
enhancement pattern and length of the disease in each segment showed a good 
interobserver variability between all readers (icc = 0.69, κ = 0.66, κ = 0.62, and κ = 
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0.62, respectively). The results for measuring wall thickness between the two most 
experienced radiologists were even better than the multirater data and showed an 
excellent interobserver variability with an icc of 0.87. The MaRIA and CDMI scores 
showed good interobserver variability (0.74 and 0.78, respectively) and moderate 
agreement with ileocolonoscopy (r = 0.51 and r = 0.59, respectively).

Quantitative and objective measurements are important to accurately grade 
Crohn’s disease activity and assess response to therapy. In addition, discrimination 
between inflammation and fibrosis is essential to guide management. In chapter 
4, MRI examinations with conventional T1-weighted and T2-weighted, dynamic 
contrast enhanced (DCE)-MRI and diffusion weighted imaging (DWI) sequences were 
performed in twenty consecutive Crohn’s disease patients scheduled for surgery 
within 4 weeks. We evaluated if we were able to quantitatively assess the degrees 
of mural inflammation and fibrosis with these sequences, using histopathology of 
surgical specimens as the reference standard. We found that quantitative parameters 
from these sequences correlated with histopathological scores. 
MRI features mural thickness, T1 ratio and T2 ratio from the conventional sequences 
correlated significantly with inflammation, with moderate correlation (r = 0.634, 0.392, 
0.485, respectively; all P < 0.05). The same features also correlated significantly with 
fibrosis (P < 0.001, P = 0.001, P = 0.021). In addition, we found that a T2-weighted 
sequence with fat saturation can be used to discriminate fibrosis from inflammation, 
even though both processes may coexist. Furthermore, all severely fibrotic lesions 
showed a layered pattern of contrast enhancement. 
The DCE-MRI features maximum enhancement and initial slope of increase showed 
a significant and moderate correlation with inflammation (r = 0.509, 0.525; all P < 
0.05) and correlated significantly with fibrosis (P = 0.001 and P = 0.002). ADC maps 
from the DWI sequence correlated significantly with fibrosis (P = 0.023). 
In conclusion, quantitative features from the DCE-MRI and DWI sequence correlated 
with inflammation and fibrosis, but did not show a better correlation than quantitative 
measurements from the conventional T1-weighted and T2-weighted sequences. 

In chapter 5 we assessed whether therapy with tumor necrosis factor (TNF) 
antagonists could reduce transmural inflammation. These agents have known anti-
inflammatory effect at a mucosal level. Traditionally, endoscopic techniques are 
used to assess their effectiveness. However, such techniques cannot evaluate the 
full thickness of the bowel wall. We performed a retrospective study in 50 patients 
with Crohn’s disease who had undergone serial MRI examinations while receiving 
anti-TNF therapy. All examinations were assessed by two abdominal radiologists in 
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consensus using the above-mentioned CDMI scoring system. Patients were grouped 
as clinical responders or nonresponders based on physician’s assessment, laboratory, 
and endoscopic appearance. 
We found that an improvement in transmural inflammation, inflammatory stenosis 
and length of disease on serial MRI scans correlated with clinical response to therapy 
in patients with Crohn’s disease. In patients who clinically responded to anti-TNF 
therapy, the mean intestinal inflammation MRI score of all lesions improved from 
5.19 to 3.12 (P < 0.0001). In contrast, the mean inflammation MRI scores did not 
change significantly (5.55 – 5.92, P = 0.49) in the patients who did not respond 
clinically to anti-TNF therapy. Therefore, we concluded that MRI could be used as an 
objective tool to guide the optimal use of therapy. This might be especially important 
in patients where a complete endoscopic assessment is not feasible due to stenoses 
or lesions in the proximal small bowel. It also allows response to therapy to be 
assessed without the potential complications of endoscopy and is less invasive for 
patients.

It is important that the grading accuracy for Crohn’s disease activity is sufficiently high 
to assist physicians in picking the most appropriate therapeutic strategy. However, 
most radiologists have limited experience in the evaluation of Crohn’s disease using 
MRI. Therefore, we conducted a training program to give inexperienced readers the 
opportunity to learn how to grade Crohn’s disease activity using MRI. In chapter 6, 
we found that inexperienced readers needed training before they accurately assessed 
Crohn’s disease on MRI. A significant improvement was seen in grading accuracy, 
reading time and confidence during training with direct feedback. Grading accuracy 
increased from 66% at baseline to 75% in the last training set (P = 0.003). Reading 
time per case decreased with more than 2 minutes, from 6:37 to 4:35 minutes (P < 
0.001) and confidence per case rated on a 0 - 10 scale increased from 6.90 to 7.65 
(P < 0.001). Training with at least 100 cases was needed before the readers could 
achieve a grading accuracy level as reported in the literature.

Despite the progress in the assessment of Crohn’s disease using MRI, there is still 
room for improvement. Objective and reproducible measurements are essential for 
an optimal evaluation of response monitoring. As we have seen in chapter 6, readers 
show a reasonable confidence score of 7.65 (on a scale of 0 - 10). However, this 
was after an extensive training program. Ideally, the confidence score of readers 
assessing patients with Crohn’s disease activity should be higher. Automatic detection 
of the disease or semi-automatic measurements might increase their confidence. 
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Particularly, efforts should be made to increase the accuracy of mild and moderate 
disease activity, as they are harder to detect than severe disease activity. 
In chapter 7 we reviewed potential computerized techniques and preferred 
developments. A combination of (semi-)automated segmentation, different 
registration techniques and a complete global disease activity index to identify, align 
and assess affected segments would be extremely useful.

Implications

In recent years, MRI is increasingly used to examine the small bowel for assessment 
of Crohn’s disease activity. Additional value could be gained using this modality 
if optimal distension of the small and large bowel could be achieved, allowing 
assessment of inflammatory lesions in both small bowel and colon simultaneously. In 
addition, this might be helpful to distinguish Crohn’s disease from ulcerative colitis 
or indeterminate colitis. So far, optimal distension of the colon has been described 
with the use of enemas (3). One study found that a water enema was well tolerated 
(4). Still, a more easy to administer and less invasive method to achieve colonic 
distension is preferred for the follow-up of patients with Crohn’s disease. In another 
study, patients ingested magnesium citrate with 200 mL of water one day prior to 
the examination and were required to drink 1500 mL of polyethylene glycol one hour 
before the MRI examination to achieve optimal enterocolonic distension (5). Such a 
method could potentially enable radiologists to evaluate colonic lesions as accurate 
as small bowel lesions.

Several MRI scoring systems to assist radiologists in the assessment of Crohn’s 
disease have been developed in recent years. The MaRIA and CDMI scores have 
led the way and show promise as both demonstrated a moderate correlation with 
ileocolonoscopy and good interobserver agreement in one of our studies (1,2,6). 
Both scoring systems employ wall thickening and T1 contrast enhancement, as these 
are the most reliable features in the assessment of Crohn’s disease activity. However, 
both systems have limitations. In the CDMI scoring system developed in London, 
four MRI features were used to quantify disease activity. One of these, perimural T2 
signal, showed poor interobserver agreement. In addition, the role of this feature 
has not been entirely elucidated yet. The MaRIA index developed in Barcelona has 
been validated, correlates to therapy response assessed with ileocolonoscopy (7,8) 
and might be suitable for use in clinical trials. However, one of the features, relative 
contrast enhancement (RCE), is cumbersome to measure, as several regions of interest 
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in pre- and postcontrast images must be delineated to calculate the enhancement 
ratio. It is therefore less appropriate for use in clinical practice. 
Some other MRI scoring systems have been published recently, incorporating motility 
imaging (9) or DWI (10) as an additional parameter. The value of these scoring systems 
is not clear yet. The scoring system with motility imaging is not validated yet. The 
latter did not use endoscopy or histopathology as a reference standard.
A new index with three to five reproducible features that are easy to measure would 
be an appropriate next step for quantitative grading and monitoring of Crohn’s 
disease activity in daily practice.

Detection of fibrosis is critical for the evaluation of patients with Crohn’s disease 
since its identification may have therapeutic implications. Most strictures contain both 
inflammatory and fibrotic tissue. Differentiation between transmural inflammation 
and fibrosis cannot be made by endoscopy or histologic analysis of endoscopic biopsy 
samples. In contrast, MRI is able to assess transmural lesions and with the use of T2-
weighted fat saturated images discrimination between severely inflamed lesions and 
fibrotic lesions can be made. A disadvantage of the aforementioned sequence is that 
the images tend to have relatively poor signal-to-noise ratios. Hence, the seeming 
presence of inflammatory signs does not rule out the presence of an underlying 
fibrotic component, and currently the imaging characterization of fibrosis has so far, 
not been fully elucidated.
Additional sequences may be helpful in distinguishing inflammation and fibrosis. 
We found a stronger correlation to fibrosis than inflammation with ADC maps in 27 
sections of interest. In the same study, all severe fibrotic lesions showed a layered 
pattern of enhancement on delayed T1-weighted images. In addition, magnetization 
transfer and motility imaging are novel MRI techniques that in theory could be used 
to quantify fibrosis and differentiate it from other pathologic processes (11,12). 
Therefore, the role of DWI, delayed postcontrast T1-weighted imaging, magnetization 
transfer and motility imaging to differentiate inflammation and fibrosis should be 
further investigated.

Accurate assessment of Crohn’s disease activity using MRI poses several challenges to 
the radiologist. The interpretation of subtle MRI features can be subjective and show 
variation even between experienced radiologists. Recent techniques have focused 
on semi-automated methods for classification and segmentation of the bowel and 
also on objective measurement of wall enhancement using absolute T1-values or 
DCE-MRI. Implementation of these techniques would clearly assist the radiologist to 
objectively and quantitatively interpret Crohn’s disease activity on MRI. 
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However, (semi-)automatic bowel wall thickness and length of disease measurements 
are not available yet. In chapter 4 we reported that wall thickness measurements 
have the best correlation with histopathologic scores of inflammation and fibrosis. 
Automatic measurements of this important feature might be very helpful for the 
radiologist. In addition, a recent study reported a strong correlation between the 
length of disease and the MaRIA index, indicating the value of this feature (13). A 
tool that could measure the wall thickness and length of a lesion could result in a 
clinically useful instrument with more robust operating characteristics than those 
currently available.
A further important technical development will be to combine MRI with laboratory 
(e.g., C-reactive protein) and clinical data (e.g., the Harvey Bradshaw index) for a 
more reliable diagnostic performance (14). The combination of quantitative imaging 
and clinical biomarkers of disease activity will draw on the strengths of both 
methodologies.

Conclusions

In conclusion, MRI is a valuable tool in the assessment of Crohn’s disease and 
assessment of Crohn’s disease with MRI should be considered as complementary to 
ileocolonoscopy. MRI has the potential to be the technique of choice in the follow-
up of these patients. This as it is able to assess trans- and extramural disease, the 
versatility of the technique results in various features of Crohn’s disease and MRI 
has been shown to reproducibly grade disease activity. Bowel wall thickness and 
T1 enhancement correlate best with histopathological scores and showed highest 
interobserver agreement. When these are combined with other features to generate 
an index, response to therapy can be monitored. MRI may also have a significant role 
in clinical trials of new therapeutic agents. However, many challenges remain and 
further work should be carried out to improve the accuracy of MRI interpretation in 
daily practice.
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Samenvatting

Patiënten met de ziekte van Crohn moeten regelmatig onderzocht worden om de 
activiteit en ernst van de ziekte te bepalen, zodat de meest geschikte behandeling 
kan worden gekozen. Er kunnen verschillende beeldvormende technieken worden 
gebruikt om de ziekte te diagnosticeren en stadiëren.  De meest gebruikte technieken 
om deze patiënten te onderzoeken zijn CT, MRI, echografie en scintigrafie. Welke 
techniek gebruikt wordt hangt af van de klinische toestand van de patiënt, de ernst 
van de ziekte, de voorkeuren van de behandelend arts en radioloog. Elke techniek 
heeft zijn eigen waarde. In de laatste jaren zijn er veel studies uitgevoerd die de 
mogelijkheden van deze technieken bij de ziekte van Crohn hebben onderzocht. 
Opvallend was dat de nauwkeurigheid om de ziekte van Crohn te stadiëren, sterk 
verschilde in de verschillende studies. Hierdoor kunnen we niet tot een eenduidig 
oordeel komen, welke techniek nu het meest nauwkeurig is om de ziekte van Crohn 
te beoordelen en stadiëren.

In hoofdstuk 2 van dit proefschrift hebben we een meta-analyse verricht waarbij we 
met behulp van 19 geschikte studies uit de literatuur evalueren of CT, MRI, echografie 
of scintigrafie het meest nauwkeurig is om de ziekte van Crohn te stadiëren. Daarbij 
hebben we gekeken naar de nauwkeurigheid, de mate van overstadiëring en de mate 
van onderstadiëring van iedere techniek. We hebben daarbij onderscheid gemaakt 
tussen resultaten die werden gepresenteerd per patiënt en per darmsegment.
De resultaten per patiënt lieten zien dat de nauwkeurigheid om de ziekte van Crohn 
te stadiëren met CT, MRI, echografie en scintigrafie respectievelijk 86%, 84%, 44% 
and 40% is. De resultaten per darmsegment lieten zien dat de nauwkeurigheid 
respectievelijk 87%, 78%, 66% and 86% is. Op basis van deze resultaten hebben we 
geconcludeerd dat CT en MRI een vergelijkbare hoge nauwkeurigheid hebben en 
het beste kunnen worden gebruikt om de ziekte van Crohn te stadiëren. Aangezien 
patiënten die de ziekte van Crohn hebben regelmatig onderzocht moeten worden en 
CT daarbij gebruikt maakt van schadelijke röntgenstraling, is MRI de techniek die bij 
deze patiëntengroep de voorkeur geniet.

De hoge accuratesse, de veelzijdigheid van de techniek waarmee verschillende 
eigenschappen van de darm kunnen worden weergegeven en het feit dat er geen 
röntgenstraling wordt gebruikt, zorgen er voor dat MRI in toenemende mate gebruikt 
wordt om de activiteit van de ziekte van Crohn te evalueren.  Verschillende MRI 
metingen of bevindingen (features) in de MRI sequenties worden gebruikt om te ziekte 
te beoordelen. Recent zijn er een aantal MRI scorings systemen ontwikkeld, zoals de 



145

Samenvatting, conclusies en implicaties

9

MRI activiteit (MaRIA) index en de Crohn MRI (CDMI) score (1,2), die een combinatie 
van MRI metingen gebruiken waarmee de radioloog de ziekte kwantitatief zou kunnen 
beoordelen. Echter, verschillende studies hebben laten zien dat de precisie c.q. 
reproduceerbaarheid van de MRI metingen sterk kan verschillen tussen verschillende 
artsen. In hoofdstuk 3 hebben we uitgezocht wat de reproduceerbaarheid is van de 
verschillende MRI metingen en de twee scorings systemen. Voor deze studie hebben 
we de MRI onderzoeken van 30 patiënten met de ziekte van Crohn gebruikt waarbij, 
binnen één maand, zowel een MRI als een endoscopie was verricht. Vier beoordelaars 
hebben in ieder darmsegment bij deze 30 patiënten verschillende MRI bevindingen 
beoordeeld. Daarnaast hebben we de uitkomsten van deze twee scorings systemen 
vergeleken met een score die was verricht tijdens de endoscopie (CDEIS). 
De reproduceerbaarheid van de verschillende MRI metingen was redelijk tot goed, met 
een intraclass correlatie coëfficiënt (icc) en kappa waardes die varieerde tussen de 0.30 
en 0.69. De darmwanddikte gemeten in millimeters, de aanwezigheid van oedeem, 
het aankleuringspatroon na intraveneus contrast en de lengte van het aangedane 
segment in ieder darmsegment lieten een goede reproduceerbaarheid tussen alle 
beoordelaars zien (icc = 0.69, κ = 0.66, κ = 0.62, and κ = 0.62, respectievelijk). 
De resultaten voor het meten van de darmwanddikte tussen de twee meest ervaren 
beoordelaars was nog beter en liet een uitstekende reproduceerbaarheid zien met een 
icc van 0.87. De MaRIA index en de CDMI score lieten een goede reproduceerbaarheid 
zien (0.74 en 0.78, respectievelijk) en een matig goede vergelijking met endoscopie 
(r = 0.51 en r = 0.59, respectievelijk).

Een kwantitatieve en objectieve beoordeling is belangrijk om de activiteit van de 
ziekte van Crohn adequaat te kunnen beoordelen en het effect van de behandeling 
te bepalen. Met name is het belangrijk om een onderscheid te maken tussen 
ontsteking en fibrose, aangezien dit onderscheid bepalend kan zijn voor de te kiezen 
behandeling. In hoofdstuk 4 werd een MRI, met conventionele T1- en T2-gewogen 
beelden, dynamic contrast enhanced (DCE)-MRI en diffusie gewogen beelden (DWI), 
verricht bij 20 patiënten met de ziekte van Crohn die gepland stonden voor een 
operatie binnen vier weken. We hebben beoordeeld of we op een kwantitatieve manier 
de mate van ontsteking en fibrose konden bepalen met behulp van deze sequenties, 
waarbij de pathologische beoordeling van resectie preparaten gebruikt werden als 
referentie standaard.
In deze studie tonen we aan dat kwantitatieve metingen in de verschillende sequenties 
goed correleerde met pathologie metingen. De MRI metingen darmwanddikte, T1 
contrast ratio en T2 wandsignaal ratio die werden verricht in de conventionele 
sequenties correleerde significant met ontsteking, met een matig goede correlatie 
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(r = 0.634, 0.392, 0.485, respectievelijk; allen P < 0.05). Dezelfde metingen 
correleerde ook significant met fibrose (P < 0.001, P = 0.001, P = 0.021). Bovendien 
zagen we dat de T2 gewogen sequenties met vet saturatie gebruikt kunnen worden 
om een verschil aan te tonen tussen fibrose en ontsteking, ook al kunnen beide 
processen gezamenlijk aanwezig zijn in de darmwand. Daarnaast zagen we dat alle 
fibrotische laesies een gelaagd aankleuringspatroon hadden na het toedienen van 
intraveneus contrast. De DCE-MRI metingen van maximale contrastaankleuring (ME) 
en mate van contrast toename (ISI) hadden een significante en matig goede correlatie 
met ontsteking (r = 0.509, 0.525; allen P < 0.05) en een significante correlatie met 
fibrose (P = 0.001 en P = 0.002). ADC metingen in de diffusie gewogen sequentie 
correleerde significant met fibrose (P = 0.023). 
Uit deze studie concludeerde we dat kwantitatieve metingen in de DCE-MRI en DWI 
sequentie correleerde met ontsteking en fibrose, maar geen betere correlatie hebben 
dan kwantitatieve metingen in de conventionele T1- en T2-gewogen sequenties.

In hoofdstuk 5 hebben we beoordeeld of therapie met tumor necrosis factor (TNF) 
antagonisten een afname van transmurale ontsteking kan bewerkstelligen. Het 
is reeds bekend dat deze therapie ontsteking in de binnenste darmwandlaag (de 
mucosa) kan remmen. Endoscopische technieken kunnen de mucosa adequaat 
in beeld brengen en evalueren of de therapie aanslaat. Echter, ze kunnen niet de 
gehele darmwanddikte in beeld brengen. In een retrospectieve studie hebben we 50 
patiënten met de ziekte van Crohn geïncludeerd, die meerdere MRI scans hadden 
ondergaan terwijl ze anti-TNF therapie kregen. Alle MRI scans werden beoordeeld 
door twee abdominale radiologen in consensus, waarbij ze gebruik maakte van 
de eerder beschreven CDMI score. De patiënten werden ingedeeld in patiënten die 
klinisch goed reageerden op therapie (responders) en klinische niet goed reageerden 
(non-responders). Er werd daarbij gebruik gemaakt van het oordeel van de behandeld 
arts, bloedwaardes en endoscopische resultaten. In deze studie zagen we dat een 
verbeterd beeld (afname van transmurale ontsteking, vernauwingen en lengte van het 
aangedane segment), correleerde met de klinische reactie op therapie bij patiënten 
met de ziekte van Crohn.
Patiënten die klinisch goed reageerden op de therapie lieten een gemiddelde afname 
van ontsteking zien op MRI, waarbij de gemiddelde score verbeterde van 5.19 naar 3.12 
(P < 0.0001). In vergelijking, de gemiddelde ontstekingswaarde op MRI veranderde 
niet (5.55 naar 5.92, P = 0.49) voor patiënten die klinisch niet goed reageerden op 
anti-TNF therapie. MRI kan daarom worden gebruikt als een objectieve methode om 
de beoordelen of de therapie wel of niet werkt. Dit kan met name belangrijk zijn bij 
patiënten waarbij de endoscopie niet of maar gedeeltelijk uitgevoerd kan worden, 
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bijvoorbeeld vanwege een vernauwing in de dikke darm of vanwege ziekte activiteit 
in de dunne darm waar de endoscoop niet bij kan komen. Bovendien kan het effect 
van therapie bij deze patiënten nu worden beoordeeld zonder gebruik te maken van 
de meer belastende endoscopie. 

Het is van groot belang om zo nauwkeurig mogelijk de ziekte van Crohn te kunnen 
stadiëren, zodat de meest geschikte therapie kan worden gekozen voor deze patiënten. 
Echter, de meeste radiologen hebben beperkte ervaring in het evalueren van de ziekte 
van Crohn met MRI. Daarom hebben we een cursus opgezet waarbij relatief onervaren 
radiologen de mogelijkheid kregen om te leren hoe ze de ziekte van Crohn met MRI 
zo adequaat mogelijk konden stadiëren. In hoofdstuk 6 zagen we dat onervaren 
radiologen training nodig hadden voordat ze accuraat de ziekte van Crohn konden 
stadiëren. Nadat ze training hadden gekregen met directe feedback, konden ze de 
ziekte in kortere tijd nauwkeuriger stadiëren en hadden de cursisten meer vertrouwen 
in hun diagnose. De nauwkeurigheid om de ziekte te stadiëren in niet, mild, matig of 
ernstig nam toe van 66% naar 75% (P = 0.003). De tijd per casus verbeterde met meer 
dan 2 minuten, van 6:37 naar 4:35 min (P < 0.001) en het gemiddelde vertrouwen op 
een schaal van 0 tot 10 nam toe van 6.90 naar 7.65 per casus (P < 0.001). Training 
met 100 casus was nodig voordat radiologen dezelfde nauwkeurigheid haalden als 
beschreven staat in de literatuur om de ziekte van Crohn te stadiëren.

Ondanks de ontwikkelingen om de ziekte van Crohn met behulp van MRI beter 
te kunnen beoordelen, is er nog steeds ruimte voor verbetering. Objectievere en 
preciezere metingen zijn essentieel om zo goed mogelijk de behandeling en therapie 
bij deze patiënten te kunnen evalueren. Zoals we zagen in hoofdstuk 6, hadden 
radiologen een redelijke mate van zekerheid in hun diagnose, namelijk 7.65 op een 
schaal van 0 tot 10. Echter, dit was pas op het einde van een intensieve cursus speciaal 
gericht op de beoordeling van de ziekte van Crohn. In een ideale situatie zou de mate 
van zekerheid om de ziekte te beoordelen nog hoger moeten zijn. Automatische 
detectie van de ziekte of semi-automatische metingen zou de radioloog hierbij 
kunnen helpen en meer zekerheid kunnen geven. Er zal vooral gestreefd moeten 
worden om meer diagnostische zekerheid te krijgen in het onderscheid tussen milde 
en matige ziekte activiteit. Dit is namelijk veel lastiger te diagnosticeren dan de 
duidelijk waarneembare ernstige ziekte activiteit. 
In hoofdstuk 7 hebben we potentiële IT technieken en gewenste ontwikkelingen 
beoordeeld en beschreven. Een combinatie van (semi-)automatische metingen, 
registratie technieken en een index die verschillende klinische en radiologische 
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metingen combineert, waardoor een algehele objectieve score mogelijk wordt die de 
ziekte activiteit weergeeft, zou enorm waardevol zijn.

Implicaties

In de afgelopen jaren is MRI in toenemende mate gebruikt om de dunne darm te 
beoordelen bij patiënten met de ziekte van Crohn. MRI zou nog waardevoller kunnen 
zijn als zowel de dunne als de dikke darm goed kan worden gedistendeerd en 
afgebeeld, waardoor ziekte activiteit en verschillende ontstekingen in de gehele darm 
tegelijk kunnen worden beoordeeld.  Bovendien zou dit er toe bij kunnen dragen een 
onderscheid te maken tussen de ziekte van Crohn en Colitis ulcerosa. Tot nu toe is 
een adequate distensie van de dikke darm alleen beschreven wanneer er gebruik werd 
gemaakt van klysma’s (3). Een recente studie beschreef dat een klysma met water 
goed werd getolereerd door patiënten (4). Echter zou een meer eenvoudige en minder 
invasieve methode gewenst zijn bij deze patiëntengroep, aangezien ze regelmatig 
onderzocht moeten worden. In een andere studie kregen patiënten magnesium citraat 
met 200ml water een dag voor het onderzoek en dronken daarnaast 1500ml contrast 
binnen het  uur voor het MRI onderzoek, om een adequate distensie van de dunne en 
de dikke darm te verkrijgen (5). Zo een methode zou waardevol zijn en de radioloog 
in staat stellen de gehele darm te beoordelen op ontstekingen of vernauwingen.

Verschillende MRI scorings systemen zijn de laatste jaren ontwikkeld om de ziekte 
van Crohn beter te kunnen beoordelen. De MaRIA index en CDMI score zijn recent 
ontwikkeld en lieten een matig goede correlatie zien met endoscopie en een goede 
reproduceerbaarheid in een van onze studies (1,2,6). Beide scorings systemen 
gebruiken darmwanddikte en de T1 aankleuring na intraveneus contrast als MRI 
bevindingen, aangezien deze metingen het meest waardevol zijn gebleken om de 
activiteit van de ziekte van Crohn te beoordelen. Beide systemen hebben echter hun 
nadelen. In de CDMI score uit Londen, worden vier metingen gebruikt. Een van deze 
metingen, het T2 signaal rondom de darmwand (perimural T2 signal), liet een slechte 
reproduceerbaarheid zien in een van onze studies. Bovendien is de waarde van 
deze meting nog niet geheel duidelijk. De MaRIA index uit Barcelona is gevalideerd, 
correleert met respons op therapie in vergelijking met endoscopie en is geschikt 
voor gebruik in klinische trials. Echter maakt deze index gebruik van een meting, 
de relatieve contrast aankleuring (RCE), die zeer omslachtig is en verschillende 
metingen nodig heeft in zowel de voor als na intraveneuze contrast series. Deze 
index is daarom minder geschikt om gebruikt te worden in de dagelijkse praktijk. 
Enkele andere MRI scorings systemen zijn recent ontwikkeld en beschreven, waarbij 
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peristaltiek (9) of DWI metingen (10) werden gebruikt als extra meting. De waarde 
van deze scorings systemen is nog niet duidelijk. De score met peristaltiek metingen 
is niet gevalideerd en de score met DWI heeft geen gebruik gemaakt van endoscopie/
pathologie als referentie standaard.
Een nieuwe index met drie tot vijf reproduceerbare metingen die makkelijk zijn uit te 
voeren, zou een belangrijke stap in de goede richting zijn om de ziekte van Crohn op 
een kwantitatieve manier te kunnen stadiëren en vervolgen in de dagelijkse praktijk.

De herkenning en beoordeling van fibrose in de darmwand bij patiënten met de 
ziekte van Crohn is essentieel, aangezien de aanwezigheid hiervan een andere 
behandeling vereist. De meeste vernauwingen bestaan uit ontsteking en fibromateus 
weefsel. Het verschil tussen ontsteking en fibrose kan niet worden gemaakt met 
behulp van endoscopie en/of biopten. Daarentegen is het met MRI mogelijk om de 
gehele darmwand te beoordelen op ontsteking en fibrose en een onderscheid te 
maken tussen deze twee eigenschappen met behulp van de T2-gewogen sequentie 
met vet saturatie. Een nadeel van deze sequentie is dat de beelden een relatief 
matige signaal-ruis verhouding hebben. De aanwezigheid van ontsteking sluit een 
fibrotische component niet uit, terwijl fibrose lastig blijft te beoordelen.

Aanvullende sequenties kunnen bruikbaar zijn om het verschil tussen ontsteking en 
fibrose aan te tonen. In een van onze studies zagen we een sterkere correlatie tussen 
fibrose en ADC metingen dan tussen ontsteking en ADC metingen. In dezelfde studie 
zagen we dat alle laesies met ernstige fibrose een gelaagde contrast aankleuring 
lieten zien op de late T1-gewogen series na intraveneus contrast. Daarnaast zijn 
magnetization transfer en peristaltiek sequenties nieuwe MRI technieken die in 
theorie gebruikt zouden kunnen worden om op een kwantitatieve manier fibrose 
te differentiëren van andere pathologie (11,12). Daarom moet de rol van DWI, late 
T1-gewogen series na intraveneus contrast, magnetization transfer en peristaltiek 
sequenties, verder onderzocht worden om ontsteking van fibrose beter te kunnen 
onderscheiden.

Een precieze beoordeling om de ziekte activiteit van Crohn patiënten op MRI te 
beoordelen brengt verschillende uitdagingen voor de radioloog met zich mee. De 
interpretatie van enkele MRI metingen kan subjectief zijn en verschillend worden 
beoordeeld, zelfs tussen ervaren radiologen. Recente ontwikkelingen hebben 
zich gericht op semi-automatische herkenning en metingen van de darm, evenals 
objectieve metingen van darmwand aankleuring na het toedienen van intraveneus 
contrast door gebruik te maken van absolute T1 waardes of DCE-MRI. Implementatie 
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van deze technieken in de dagelijkse praktijk zou de radioloog kunnen assisteren om 
de ziekte van Crohn objectiever en op een meer kwantitatieve manier te beoordelen.
Echter zijn (semi-)automatische metingen van darmwanddikte of de lengte van 
het aangedane segment nog niet beschikbaar. In hoofdstuk 4 beschreven we dat 
darmwanddikte metingen de beste correlatie laten zien met pathologie scores. 
Automatische metingen van darmwanddikte zouden erg bruikbaar kunnen zijn voor 
de radioloog. Bovendien liet een recente studie zien dat er een sterke relatie was 
tussen de lengte van het aangedane segment en de MaRIA index, wat de waarde 
van deze meting bevestigt (13). Een techniek die de darmwanddikte en lengte van 
het aangedane segment in één keer automatisch zou kunnen meten zou een zeer 
bruikbare en waardevolle methode zijn. 
Een andere belangrijke technische ontwikkeling zou de combinatie van MRI, 
bloedwaardes en klinische gegevens (bijvoorbeeld de Harvey Bradshaw index) zijn, 
zodat er een algeheel beeld van de patiënt wordt gecreëerd die alle belangrijke 
gegevens bevat (14). De combinatie van kwantitatieve metingen uit beeldvorming 
en klinische gegevens van ziekte activiteit combineert het beste van twee werelden.  

Conclusies

Patiënten met de ziekte van Crohn moeten regelmatig onderzocht worden om 
de activiteit van de ziekte te bepalen, zodat de meest geschikte behandeling kan 
worden gekozen. Er kunnen verschillende technieken worden gebruikt om de ziekte 
te diagnosticeren en stadiëren. In dit proefschrift wordt aangetoond dat MRI een 
adequate techniek is om de ziekte van Crohn te beoordelen en stadiëren. Het heeft 
de potentie om de endoscopie te vervangen bij het vervolgen van patiënten met de 
ziekte van Crohn. De mogelijkheid om de ziekte in de gehele darmwand en daarbuiten 
te beoordelen, de verscheidenheid van de techniek, de verschillende metingen die 
kunnen worden verricht en de mogelijkheid om reproduceerbaar de ziekte te kunnen 
stadiëren, maken MRI zeer waardevol. De metingen van darmwanddikte en T1 
contrast aankleuring correleren het sterkst met pathologie en zijn tevens het meest 
reproduceerbaar. Wanneer deze twee metingen met een aantal andere metingen 
worden gecombineerd in een index, kan het effect van een behandeling nauwkeurig 
worden vervolgd. Echter wegen de kosten en de beperkte beschikbaarheid van MRI niet 
altijd op tegen andere alternatieven. Wanneer verder onderzoek MRI nog preciezer en 
betrouwbaarder zou maken en zowel dunne als dikke darm adequaat in beeld zouden 
kunnen worden gebracht, zou MRI het onderzoek van eerste keuze kunnen worden. 
MRI zou daarmee naast het vervolgen van patiënten met de ziekte van Crohn in de 
tijd ook een belangrijke rol kunnen spelen in de ontwikkeling van nieuwe therapieën.
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Abbreviations

ADC  - Apparent diffusion coefficient
CDAI  - Crohn’s disease activity index
CDEIS  - Crohn’s disease endoscopic index of severity
CDMI  - Crohn disease MRI index
CRP  - C-reactive protein
CT  - Computed tomography
DCE  - Dynamic contrast-enhanced
DWI  - Diffusion weighted imaging
ECCO  - European Crohn’s and colitis organisation 
ESGAR  -  European society of gastrointestinal and abdominal 

radiology
FOV  - Field of view
GEE  - Generalised estimating equation
HBI  - Harvey Bradshaw index
IBD  - Inflammatory bowel diseases
ICC  - Intraclass correlation coefficient
ISI  - Initial slope of increase
IV  - Intravenous
MaRIA  - Magnetic resonance index of activity
ME  - Maximum enhancement
MRI  - Magnetic resonance imaging
PET  - Positron emission tomography
ROI  - Region of interest
TNF  - Tumor necrosis factor
TTP  - Time-to-peak
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Prof. dr. G.R.A.M. D´Haens en prof. dr. W.A.Bemelman, bedankt voor de medewerking 
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tot eind hebben we een fantastische tijd gehad samen. Ik heb er bewondering voor 
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Engelbrecht voor jullie inzet bij het scoren van mijn studies, en de opleiders Otto van 
Delden en Anje Spijkerboer, veel dank voor jullie interesse en begeleiding tijdens de 
opleiding.

Aart Nederveen en Cristina Lavini, jullie hulp is ontzettend belangrijk geweest voor 
mijn studies.

Wouter Veldhuis, voor je plezierige, snelle en adequate samenwerking voor onze app.

Alle MRI-laboranten van het AMC, die patiënten hebben voorbereid, mij hebben 
geholpen of voor mij hebben gescand, heel erg bedankt voor jullie plezierige hulp 
hierbij!

De dames van de MRI planning en in het bijzonder Peggy en Rina, die altijd bereid 
waren mijn patiënten een goed plekje te geven in het rooster.

De IT-mannen, Jan, Jean-Paul en Martin, die me hebben geholpen met IT problemen. 
En specifiek Jan, dankzij jouw hulp heb ik de 125 scans voor de MRE cursus kunnen 
selecteren.

De IBD-onderzoekers, bedankt voor de samenwerking en gezelligheid tijdens de IBD 
uitjes en besprekingen.

De APROVE-groep, voor het plezier en steun tijdens onze promotietijd. En specifiek 
de redactie groep waarmee we ons boek “Promoveren doe je zo!” hebben geschreven.

Mijn goede vrienden, huis-, club- en teamgenoten, voor jullie interesse in mijn werk 
en bereidheid om mijn onderzoek te begrijpen. In het bijzonder Ernst Jan, samen 
hebben we bijna synchroom onze studie doorlopen waarna jij je geluk op Stanford 
ging beproeven en ik in Londen. Via een bijzondere tijd in Den Haag tegelijk naar 
Amsterdam waar we nu elkaars paranimfen zullen zijn. Ik kijk uit naar je promotie en 
weet zeker dat jouw creativiteit je nog ver gaat brengen.

Gerard, Yvonne, Anne, Gianni en Evelien, ik ben blij dat ik zo’n leuke schoonfamilie 
heb. Jullie zijn altijd enthousiast, geïnteresseerd en bereid te helpen. Ik hoop dat we 
nog veel beachvolleybaltoernooien mogen spelen en winnen.
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Workload
General courses Year  (ECTS)
AMC World of Science 2011 0.7
Good Clinical Practice - BROK  2011 0.9
Scientific writing 2011 1.5
Pubmed 2011 0.2
Practical biostatistics 2012 1.1

Seminars and workshops
Advances in MRI, TU Eindhoven 2011 0.4
VIGOR++ workshop, UC London 2012 0.4
Spinoza lecture dr. Sirlin, AMC Amsterdam 2012 0.2
Young Initiative on Crohn’s and colitis, Utrecht 2013 0.2

Presentations
Digestive Disease Week, San Diego 2012 0.5
IBD Today & Tomorrow, Amsterdam 2012 0.5
European Society of Gastrointestinal Abdominal Radiology, Edinburgh 2012 0.5
Radiologendagen, Den Bosch 2012 0.5
United European Gastroenterology Week, Amsterdam 2012 0.5
Radiological Society of North America, Chicago 2012 0.5
Nederlandse Vereniging voor Gastroenterologie, Veldhoven 2013 0.5
European Society of Gastrointestinal Abdominal Radiology, Barcelona 2013 0.5
Radiologendagen, Den Bosch 2013 0.5
Young Initiative on Crohn’s and colitis, Utrecht 2013 0.5
Radiological Society of North America, Chicago 2013 0.5
European Congress of Radiology, Wenen 2014 0.5
IBD Today & Tomorrow, Amsterdam 2014 0.5
EPGS Tillots workshop, Amsterdam 2014 0.5
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(Inter)national conferences
IBD Today & Tomorrow, Amsterdam 2012 0.5
European Society of Gastrointestinal Abdominal Radiology, Edinburgh 2012 1.0
Radiologendagen, Den Bosch 2012 0.5
United European Gastroenterology Week, Amsterdam 2012 1.0
Radiological Society of North America, Chicago 2012 1.0
Nederlandse Vereniging voor Gastroenterologie, Veldhoven 2013 0.5
European Society of Gastrointestinal Abdominal Radiology, Barcelona 2013 1.0
Radiologendagen, Den Bosch 2013 0.5
Radiological Society of North America, Chicago 2013 1.0
European Congress of Radiology, Wenen 2014 1.0
IBD Today & Tomorrow, Amsterdam 2014 0.5

Teaching
MR enterography in Crohn’s disease course (NVVR) 2012-2013 10
Scientific internship of Anouk van Doorn, medical student 2012 2.0

Other
ECCO/ESGAR European guidelines for imaging in IBD 2011-2012 5.0
Board member of AMC promovendivereniging (APROVE) 2011-2013 2.0
Editor of “Promoveren doe je zo!”  2013 2.0

Awards
Top 20 abstract - European Society of Gastrointestinal Abdominal Radiology 2013
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