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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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