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Abstract
Background Small-bowel MRI based on contrast-enhanced
T1-weighted sequences has been challenged by diffusion-
weighted imaging (DWI) for detection of inflammatory bowel
lesions and complications in patients with Crohn disease.
Objective To evaluate free-breathing DWI, as compared to
contrast-enhanced MRI, in children, adolescents and young
adults with Crohn disease.
Materials and methods This retrospective study included 33
children and young adults with Crohn disease ages 17±3 years
(mean ± standard deviation) and 27 matched controls who
underwent small-bowel MRI with contrast-enhanced T1-
weighted sequences and DWI at 1.5 T. The detectability of
Crohn manifestations was determined. Concurrent colono-
scopy as reference was available in two-thirds of the children
with Crohn disease.
Results DWI and contrast-enhanced MRI correctly identi-
fied 32 and 31 patients, respectively. All 22 small-bowel
lesions and all Crohn complications were detected. False-
positive findings (two on DWI, one on contrast-enhanced
MRI), compared to colonoscopy, were a result of large-

bowel lumen collapse. Inflammatory wall thickening was
comparable on DWI and contrast-enhanced MRI. DWI was
superior to contrast-enhanced MRI for detection of lesions in
27% of the assessed bowel segments and equal to contrast-
enhanced MRI in 71% of segments.
Conclusion DWI facilitates fast, accurate and comprehen-
sive workup in Crohn disease without the need for intrave-
nous administration of contrast medium. Contrast-enhanced
MRI is superior in terms of spatial resolution and multiplanar
acquisition.
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Introduction

Crohn disease is a chronic inflammatory bowel disorder
with a significant incidence and prevalence in children
and young adults. Age-specific incidence in paediatric
populations is estimated at 16 cases per 100,000 persons
[1]. Children and adolescents compose about 15% to
30% of the total population with Crohn disease [2, 3].
Noninvasive imaging modalities free of ionizing radia-
tion have therefore been a particular focus of ongoing
research and clinical evaluation in young patients with
Crohn disease, who may accumulate high radiation
doses with repeated barium fluoroscopy or CT studies
over their life-time [4, 5]. US is usually performed as
first-line imaging in children with suspected Crohn dis-
ease [6]. MRI for Crohn disease was introduced in the
early 1990s [7, 8]. With technical advances in scanner
hardware and software, MRI has become a valuable
diagnostic tool for comprehensive abdominal imaging
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in those children and young adults with Crohn disease
[9] in whom US does not provide all the required
diagnostic information. The correlation between MRI
and indices of clinical severity of disease has been
evaluated [10, 11], and MRI has been validated in comparison
to alternative imaging modalities [12, 13] and correlated with
histology [13, 14].

Diffusion-weighted MRI (DWI) was first employed in
neuroradiological imaging of acute stroke. DWI visualizes
inflammatory bowel lesions in adult patients with Crohn
disease based on altered diffusivity of extracellular water
in inflamed bowel wall tissue without the need for intrave-
nous (i.v.) administration of contrast medium [15, 16]. In a
previous study in adults with Crohn disease, DWI showed
diagnostic performance comparable to that of T1-weighted
contrast-enhanced MRI (CE-MRI) [17]. Only a limited
number of studies of MRI in paediatric patients with Crohn
disease is available [18–20], while there are no published
data on DWI in paediatric patients with Crohn disease. DWI
appears particularly suitable for MR imaging in children
because of rapid image acquisition with echo-planar imaging
(EPI), which allows scanning in free-breathing mode with a
minimum of bulk motion artefacts, and its inherent high tissue
contrast without i.v. administration of gadolinium-containing
contrast medium. In contrast, abdominal MR scanning with
contrast-enhanced T1-weighted sequences requires multiple
cycles of breath-hold or navigator techniques and is prone to
motion artefacts, particularly in young patients in a poor clinical
condition. Therefore, the aim of this retrospective study was to
evaluate the detectability of inflammatory bowel lesions and of
extraluminal complications with DWI, compared to CE-MRI,
in children and young adults with Crohn disease.

Materials and methods

Patients

We retrospectively evaluated 33 consecutive children, adoles-
cents and young adults with confirmed Crohn disease (median
age 18 years, range 10–20 years, 12 patients age ≤16 years)
who had undergone routine small-bowel (SB) MRI with stan-
dard sequences and with DWI at our institution during a 3-year
period. All study work was conducted in accordance with the
Helsinki Declaration. Studies based on retrospective analysis
of data from routine examinations do not require institutional
review board approval at our institution. The treatment contract
between patients and our university hospital covers the use of
anonymized data for scientific purposes. Informed written
consent was obtained from the legal guardians of all patients
for all diagnostic and therapeutic measures.

The 33 children and young adults with Crohn disease
underwent SB MRI because of nonconclusive preceding US

imaging or because of a discrepancy between US findings and
their clinical condition (11 patients), for suspected interenteric
abscess or fistula (9 patients), prior to the start of, and for
therapy surveillance with, anti-TNF-α treatment (8 patients)
and upon referral by external institutions (5 patients). Ten
children and adolescents were newly diagnosed with Crohn
disease, and nine of these (90%) had concurrent colonoscopy
at our institution. None of the newly diagnosed children and
young adults with Crohn disease had been treated with anti-
inflammatory or steroid medication prior to MRI. Twenty-
three children and young adults with previously diagnosed
Crohn disease showed a median course of disease of
65 months (range 3 months to 140 months) and received
anti-inflammatory, corticosteroid and/or anti-TNF-α treat-
ment (21 patients) or were treated by the referring physi-
cian with traditional Chinese medicine alone (2 patients).
In these 23 patients, concurrent colonoscopy was available
in only 12, while another patient underwent ileocaecal
resection 4 days after MRI. In six patients with one or
more follow-up MRI examinations, only one imaging study
was included.

As control, we included 27 consecutive children, adoles-
cents and young adults (median age 16 years, range 7–
20 years, 15 children age ≤16 years) imaged over the same
period according to the same imaging protocol. These
patients had been referred for MR imaging for subacute or
chronic abdominal discomfort, pain and/or chronic diar-
rhoea (21 patients), for follow-up in Peutz-Jeghers syn-
drome (2 patients) and familial adenomatous polyposis (2
patients) and for oncological follow-up in tumour-free
patients after resection of a gastrointestinal tumour (desmo-
plastic round small cell tumour in 1 patient, desmoid tumour
in 1 patient). Of the 27 controls, 10 (37%) had had colono-
scopy within 4 weeks of the MRI examination without mac-
roscopic or histological evidence of chronic inflammatory
bowel disease. Three other patients underwent surgical explo-
ration and appendectomy with the final diagnosis of mild
chronic appendicitis within 6 weeks of the MRI examination.
The remaining controls showed no signs of chronic inflam-
matory bowel disease on follow-up.

Leukocyte count and serum C-reactive protein (CRP)
levels determined within 1 week of MRI were available in
30 of the 33 children and young adults with Crohn disease
and in 21 of the 27 controls. At our institution, the normal
reference range for leukocyte count is 4.5–14.5×103/μl in
those aged 7–12 years, 4.5–13×103/μl in those aged 13–
17 years and 5–10×103/μl in adults. The normal reference
range for CRP is 0–0.5 mg/dl. Clinical disease activity in
children and young adults with Crohn disease at the time of
MRI examination was assessed as 1 (clinical remission or
mild symptoms), 2 (moderate symptoms) or 3 (severe dis-
ease activity) based on clinical information provided by the
referring clinician. Clinical data available on retrospective
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analysis did not allow calculation of disease activity scores,
such as the Paediatric Crohn Disease Activity Index.

MR imaging

No special patient preparation other than a 4-h fast without
intake of solid foods was requested prior to MRI. Depend-
ing on age, body weight and clinical condition of the patient,
200–2,000 ml of 2.5% mannitol solution were administered
as oral contrast medium over 2 h prior to imaging in all
patients and controls, except in one young adult with acute
abdominal discomfort who underwent emergency MRI
according to the SB protocol, and did not receive oral
contrast medium. The median amount of oral contrast
medium administered was 1,500 ml. Two children with
Crohn disease and three control patients accepted only
200–500 ml of oral contrast medium. One young adult with
Crohn disease with a height of 184 cm and weight of 90 kg
received 2,000 ml mannitol orally. We did not administer
rectal contrast agent. All patients, except one who received
an emergency scan, and all controls were given a weight-
adapted dose of 20–40 mg butylscopolamine (Buscopan)
i.v. for gastrointestinal hypotonia. The i.v. contrast media
administered were 0.1 mmol/kg gadopentetate dimeglumine
(Magnograf; Marotrast, Jena, Germany) in children and
adolescents and 0.1 mmol/kg gadobutrol (Gadovist; Bayer
Schering, Germany) in adults.

All MR examinations were performed in a supine posi-
tion on a 1.5-T scanner (Magnetom Symphony in 20
patients, Magnetom Avanto in 40 patients; Siemens Health-
care, Erlangen, Germany) with multichannel phased-array
body coils. The standard imaging protocol was performed
with the breath-hold technique, and included coronal and
transverse T2-weighted half-Fourier acquisition single-shot
(SS) turbo spin-echo (HASTE) sequence, a coronal T1-
weighted 2-D fast low angle shot (FLASH) precontrast
sequence, and a transverse T1-weighted 3-D FLASH precon-
trast sequence, 1 min and 2 min after injection with fat
saturation, as well as a contrast-enhanced transverse T1-
weighted 2-D FLASH sequence and a coronal T1-weighted
3-D FLASH sequence with fat saturation. Prior to i.v. admin-
istration of contrast medium, we performed transverse free-
breathing diffusion-weighted (DW) SS EPI (SS-EPI) with
diffusion-sensitizing gradients applied sequentially along the
three orthogonal directions.

The examination protocol implemented on the 1.5-T
Magnetom Avanto scanner included the following parame-
ters: a transverse T2-weighted HASTE sequence (TR
1,000 ms, TE 97 ms, flip angle 160°, generalized autocali-
brating partially parallel acquisitions, GRAPPA, accelera-
tion factor 2, slice thickness 8 mm, FOV 330 mm, voxel size
1.4×1.4×8 mm), a transverse DW SS-EPI sequence (TR
5,800 ms, TE 89 ms, flip angle 90°, b-values 50 and

800 s/mm2, GRAPPA acceleration factor 2, epi factor 128, fat
saturation, eight averages, slice thickness 6 mm, FOV
360 mm, voxel size 2.0×2.0×6.0 mm, scanning duration
4 min 56 s for 40 slices), a transverse T1-weighted 3-D
FLASH sequence (TR 5.15 ms, TE 2.33 ms, flip angle 10°,
GRAPPA acceleration factor 2, fat saturation, slice thickness
4 mm, FOV 330mm, voxel size 1.9×1.0×4mm), a transverse
T1-weighted 2-D FLASH sequence (TR 110 ms, TE 4.76 ms,
flip angle 90°, fat saturation, slice thickness 8 mm, FOV
330 mm, voxel size 1.5×1.0×8 mm), and a coronal T1-
weighted 3-D FLASH sequence (TR 4.27 ms, TE 1.49 ms,
flip angle 12°, GRAPPA acceleration factor 2, fat satu-
ration, slice thickness 3 mm, FOV 450 mm, voxel size
2.3×1.4×3 mm).

The corresponding scan parameters for the 1.5-T Magne-
tom Symphony scanner were: a transverse T2-weighted
HASTE sequence (TR 800 ms, TE 97 ms, flip angle 120°,
slice thickness 6 mm, FOV 300 mm, voxel size 1.3×1.2×
6 mm), a transverse DW-SS-EPI sequence (TR 9,000 ms,
TE 126 ms, flip angle 90°, b-values 50 and 800 s/mm2, epi
factor 128, fat saturation, eight averages, slice thickness
6 mm, FOV 360 mm, voxel size 2.8×2.8×6.0 mm, scanning
duration 7 min 21 s for 40 slices), a transverse T1-weighted
3-D FLASH sequence (TR 5.67 ms, TE 2.78 ms, flip angle
10°, fat saturation, slice thickness 5 mm, FOV 300 mm,
voxel size 1.9×1.2×5 mm), a transverse T1-weighted 2-D
FLASH (TR 179 ms, TE 4.75 ms, flip angle 90°, fat satu-
ration, slice thickness 6 mm, FOV 340 mm, voxel size 1.9×
1.3×6 mm), and a coronal T1-weighted 2-D FLASH se-
quence (TR 110 ms, TE 4.76 ms, flip angle 90°, fat satura-
tion, slice thickness 6 mm, FOV 400 mm, voxel size 1.8×
1.3×6 mm).

Image analysis

Lesions were detected by two observers in consensus. The
first observer had 12 years’ experience in abdominal MRI
and SB MRI and 8 years’ experience in paediatric MRI. The
second observer had 6 years’ experience in abdominal MRI
and SB MRI, 4 years’ experience in extraneurological DWI
and 3 years’ training in paediatric radiology. All quantitative
image analyses were conducted by the second observer,
blinded to the clinical information.

All image analyses were performed off-line on a Syngo
Plaza workstation (Siemens Healthcare, Erlangen, Germany).
First, the degree of bowel distension from oral contrast agent
was assessed for SB and large bowel (LB) as 1 (most bowel
segments collapsed), 2 (more bowel segments distended than
collapsed) or 3 (nearly all bowel segments distended). The
presence of inflammatory wall lesions was assessed on DW
images and on CE-MR images based on criteria proposed by
Alexopoulou et al. [20]. A wall thickness of >3 mm in dis-
tended bowel loops in the presence of a signal increase onDW
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images and contrast enhancement was considered patholog-
ical. The presence of inflammatory bowel segments was
assessed separately in the SB, the (neo-)terminal ileum, the
ileocaecal junction, the caecum, the ascending, transverse
and descending colon, and the rectosigmoid. The presence
of abscess, fistula, stenotic bowel segment, inflammatory
conglomerate, skip lesions of the SB, comb sign and regional
lymphadenopathy was also recorded. One affected SB seg-
ment and one affected LB segment (where inflammatory
signal alterations were most prominent) were analysed quan-
titatively per patient, in comparison to adjacent normal-
appearing bowel segments.

The degree of distension was assessed and wall thick-
ness, the signal intensity of the bowel and bowel lumen were
measured, together with the standard deviation of image
noise on corresponding transverse DW images with b0
800 s/mm2 and T1-weighted CE-MR images. Total apparent
diffusion coefficient (ADCtotal, 50/800) was measured on
automatically generated ADC maps. Three small circular
regions of interest (ROIs) with a diameter equivalent to the
thickness of the intestinal wall were placed on each assessed
bowel segment (Fig. 1) and the mean values were recorded
for statistical analysis. The mean ROI area was 3.2±
0.7 mm2 (mean ± standard deviation) in normal SB seg-
ments, 3.2±0.8 mm2 in normal LB segments, 25.2±
14.3 mm2 in inflamed SB and 21.4±9.0 mm2 in inflamed
LB.

Signal intensity (SI) ratios for SB and LB segments, calcu-
lated as (SIinflamed/SInormal) and as (SIinflamed − SInormal) divid-
ed by the standard deviation of the background noise, were
used for signal quantification. In addition, ADC values mea-
sured in muscle (erector spinae), liver, spleen and renal cortex
and the fluid signal of the urinary bladder, the renal pelvis and
the cerebrospinal fluid were used as internal reference stand-
ards. Images were fused off-line using dedicated 3-D image
fusion software (Siemens Healthcare, Erlangen Germany) on
the scanner workstation.

Intraobserver variability was determined by means of a
second blinded measurement in ten randomly chosen datasets.
The coefficient of variation (CV, standard deviation divided
by the mean) was calculated as 9.4% for normal bowel wall,
7.9% for inflamed bowel segments and 16.2% for ADC of
inflamed bowel wall.

Statistical analysis

Normally distributed data are presented as means ± standard
deviation. Frequency proportions were analysed with the chi-
squared test and Fisher exact test on crosstabs. Groups were
compared with the independent sample t-test for normally
distributed variables and with the Mann-Whitney test for vari-
ables deviating from a normal distribution. For between-group
comparison of related variables, we employed the nonparamet-
ric Wilcoxon signed rank test. The associations between

Fig. 1 Newly diagnosed Crohn disease in a male patient with reduced
physical fitness for 1 month. The patient did not report abdominal pain,
fever or diarrhoea. leukocyte count was 5.5×103/μl, and serum CRP
was elevated (2.35 mg/dl). Coronal and transverse T2-weighted
HASTE images (a, b) show marked segmental wall thickening of the
terminal ileum, and the corresponding two-layered signal increase on

the T1-weighted CE-MR image (c) and the b0800 DW image (d)
indicate concurrent transmural inflammation and severe mucositis. e
ADCs were calculated from the average of three small circular ROIs as
0.84×10−3mm2/s for inflamed SB (white ROIs) and 1.77×10−3mm2/s
for adjacent normal SB (black ROIs)
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continuous variables were evaluated with Pearson’s bivariate
correlation analysis. All statistical tests were performed two-
sided at the level of P<0.05. Analyses were performed with the
IBM SPSS Statistics 20 software package for Windows.

Results

The patient group and the control group were matched in
terms of gender composition and distribution between the
two MRI scanners (Table 1). The mean ages of patients with
newly diagnosed disease and those with known Crohn
disease did not differ significantly (16.7±3.9 vs. 17.3±
2.8 years; independent sample t-test, P00.599). The latter
reported a mean age at first diagnosis of 11.9±4.9 years
(range 5–19 years).

Qualitative analysis

All imaging studies in patients and controls yielded images of
diagnostic quality. Contrast-enhanced T1-weighted sequences
showed moderate motion artefacts in six examinations, while
four DWI studies suffered from mild to moderate distortion
artefacts. Among all 33 patients, DWI and CE-MRI correctly
identified the Crohn disease in 32 and 31, respectively
(Table 2). No false-positive results occurred in controls. The
terminal ileum and the ileocaecal junction was the most com-
monly observed manifestation of Crohn disease (Fig. 1). DWI
showed active segmental inflammation of the small intestine
with wall thickening of >3 mm and corresponding signal
increases at high b-values in 22 of the 33 patients with Crohn
disease. On CE-MRI, one of these patients was judged as
normal, while active inflammation of the terminal ileum was
confirmed by endoscopy. The majority of children and young

adults with inflammatory LB lesions were correctly identified
(Table 2). One 10-year-old boy with newly diagnosed Crohn
disease and mild segmental colitis in the ascending colon on
colonoscopy did not show any suspicious signal alterations or
wall thickening either on DWI or on CE-MRI, although para-
colic regional lymphadenopathy was observable on DWI as an
indirect sign of inflammation. In two other children with in-
flammatory colonic and rectosigmoid wall lesions, T1‐
weighted CE‐MRI produced a false‐negative finding as a result

Table 1 Characteristics of the study cohort and MRI examinations. The
numbers of subjects of each gender and scanned with each MRI scanner,
and the degrees of bowel distension were evaluated with the chi-square
test, and differences in mean age with the Mann-Whitney test

Patients Control P value

No. of subjects 33 27

Gender female/male (n) 18/15 18/9 0.340

Age (years) 17±3 15±4 0.034

MRI scanner
Avanto/Symphony (n)

24/9 16/11 0.271

Artefacts (n)

DWI 1 3

T1-weighted CE-MRI 4 2

Degree of bowel
distension, 1/2/3 (n)

Small bowel 2/21/10 3/14/10 0.603

Large bowel 7/19/7 4/12/11 0.257

Table 2 MRI findings in 33 children and young patients with Crohn
disease based on a per-patient analysis of DW and CE-MR images. CE-
MRI was the only reference standard for SB lesions. For terminal ileal
and colonic lesions, endoscopy was used as the reference if available,
while CE-MRI was used as the reference in the remaining patients. The
Wilcoxon signed rank test was used to compare wall thickness and signal
intensity measured on CE-MR and DW images. The signal intensity (SI)
ratio of inflammatory contrast enhancement was calculated as
(SIinflamed − SInormal) divided by the standard deviation of the noise

Reference CE-MR
images

DW
images

p
value

True-positive
patients with Crohn
disease (n)

33 31 32

Inflammatory
wall lesions (n)

Small bowel 4 4 4
Terminal ileum and
ileocaecal junction

22 21 22

Colon 19 16 18
Rectosigmoid 14 12 14
False-positive findings (n)

Small bowel 0 0
Large bowel 1 2
Crohn complications (n)

Abscess 3 3
Stenosis 3 3
Fistula 1 1
Inflammatory
conglomerate

1 1

Small bowel skip lesion 6 6
Comb sign 15 8
Lymphadenopathy 14 23
Small-bowel wall thickness
(mean ± SD, mm)

Normal distended
segment

1.9±0.2 2.2±0.2 <0.001

Inflamed segment 5.4±1.6 5.5±1.4 0.303

Large bowel wall thickness
(mean ± SD, mm)

Normal distended
segment

1.8±0.2 2.2±0.2 <0.001

Inflamed segment 5.2±1.1 5.2±1.2 0.791

Signal intensity ratio for
inflamed bowel wall
(mean ± SD)

Small bowel 41.6±29.6 29.5±17.5 0.144

Large bowel 56.6±34.1 34.4±24.4 0.015
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of susceptibility artefacts from intraluminal gas within the
affected bowel segment. Both CE-MRI and DWI gave false-
positive results in collapsed colon segments: wall-thickening
on T2-weighted HASTE images and signal increases on DWI
and T1-weighted CE-MRI wrongly suggested inflammation
(Table 2). As these false-positive findings all occurred in chil-
dren and young adults with additional true-positive SB or LB
segments, the diagnostic performance shown in the per-patient
analysis was not adversely affected. Overall diagnostic accura-
cy for identifying children and young adults with inflammatory
bowel lesions among patients and controls was 59/60 (98%) for
DWI and 58/60 (97%) for CE-MRI.

Crohn complications were seen in 6 of 33 children and
young adults with Crohn disease (18%) and were consistently
diagnosed by both DWI and contrast-enhanced sequences
(Table 2, Fig. 2). Abscess formations were correctly identified
in three adolescents and young adults. However, the charac-
teristic high signal intensity of purulent fluid on b0800 DW
images (Fig. 2) and the low mean ADC facilitated more rapid
detection on DW images than on T1-weighted CE-MR
images. The mean ADC of abscess was 0.73×10−3mm2/s.
Relevant intestinal obstruction was seen in three children and
young adults with Crohn disease with SB dilatation proximal
to inflamed segments. Six SB skip lesions were all correctly
identified on both DW images and CE-MR images.

Regional lymphadenopathy was shown as present in 23
children and young adults with Crohn disease on DWI, but
only in 14 of these 23 patients on CE-MRI. The comb sign,
indicating increased mesenteric blood supply to inflamed
bowel segments, was observed in 15 children and young adults
with Crohn disease on CE-MRI. DWI at high b-values did not
show corresponding signal alterations, while DWI at low b-
values showed a radial mesenteric signal increase adjacent to
affected segments in 8 of these 15 patients.

Quantitative analysis

The maximum measured thicknesses of normal distended SB
and LBwall were 2.3 mm and 2.5mm on T2-weighted HASTE
images, 2.5 mm and 2.6 mm on DW images and 2.3 mm and
2.4 mm on CE-MR images, respectively. The mean measured
wall thicknesses of noninflamed bowel segments were higher
on DW images than on CE-MR images (2.2±0.2 mm vs. 1.9±
0.2 mm; P<0.001, Wilcoxon signed rank test). No significant
differences in mean wall thickness between children with Crohn
disease and controls were seen in noninflamed and distended
SB and LB segments.

Inflamed bowel segments were characterized by signifi-
cant wall thickening with minimum/average/maximum wall
thicknesses of 3.6/5.4/8.8 mm on T2-weighted HASTE

Fig. 2 Primary manifestation of Crohn disease in a young woman with
acute abdominal pain, fever and malaise for 2 weeks. In addition to
terminal ileitis and an ileal skip lesion, MRI showed an inflammatory
conglomerate with interenteric fistulae and fistulous penetration into
the mesenteric root, confirmed on surgical resection and histopatholo-
gy. a–c The T2-weighted HASTE image (a) and the b0800 DW image
(c) show the inflammatory bowel lesions and a fistula (arrowheads);
the T1-weighted CE-MR image (b) provides superior spatial

resolution. Note the two-layered signal of the SB wall on the T1-
weighted CE-MR image and the DW image, and the comb sign on the
T1-weighted CE-MR image. d, e The T1-weighted CE-MR image (d)
and the b0800 DW image (e) show a mesenteric abscess on adjacent
cross-sections (arrows), which is more readily detectable on the DW
image. f Mean ADC was measured as 0.61×10−3mm2/s with a small
ROI placed on the abscess cavity
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images, 3.5/5.5/8.3 mm on DW images and 3.1/5.4/9.0 mm
on CE-MR images for SB lesions, and 3.1/4.9/6.5 mm on
T2-weighted HASTE images, 3.9/5.2/7.6 mm on DW
images and 3.6/5.2/7.2 mm on CE-MR images for LB
lesions. Mean wall thickness did not show significant differ-
ences between DW and CE-MR images for inflamed SB
(5.5±1.4 mm vs. 5.4±1.6 mm; P00.303, Wilcoxon signed
ranks test) or LB (5.2±1.2 mm vs. 5.2±1.1 mm; P00.791,
Wilcoxon signed rank test) segments. The signal intensity of
inflamed segments was significantly higher than that of nor-
mal segments on both b0800 DW images images and on CE-
MR images. Mean signal intensity ratio of inflamed to normal
bowel wall was 3.8 (range 2.1 to 5.7) on b0800 DW images
and 4.2 (range 1.9 to 9.2) on CE-MR images in SB lesions and
4.9 (range 2.6 to 9) on b0800 DW images and 3.6 (range 1.6
to 6.9) on CE-MR images in LB lesions.Mean signal intensity
ratio (SIinflamed − SInormal) divided by the standard deviation of
the noise was higher for CE-MR images than for DW images
(P00.015, Wilcoxon signed rank test; Table 2). In contrast,
the detectability of inflammatory SB wall lesions within the
surrounding tissue by DWI was superior in 8 of 24 lesions
(33%) and equal to T1-weighted CE-MRI in 15 of 24 lesions
(63%), while one lesion only was more easily identified on
T1-weighted CE-MRI. In 21 LB lesions, DWI was considered
superior to T1-weighted CE-MRI in four patients (19%) and
equal in the remaining patients.

In inflamed bowel wall, two patterns of signal alteration
were discernible: a transmural homogeneous signal increase
and a layered pattern with a marked signal increase in the
inner layer and a less pronounced signal increase in the
peripheral layer (Figs. 1 and 2). Of 24 SB lesions, 7 (29%)
showed layered signal changes on DW images and, among
these, 3 lesions were seen with layered contrast enhancement
on CE-MR images. Of 21 LB lesions, 7 (33%) showed such a
pattern on DW images, with four of these lesions also exhibit-
ing layered contrast enhancement on T1-weighted MR images.
One LB lesion had a layered pattern on CE-MR images only. A
layered pattern was observed in 1 of 10 children and young
adults with newly diagnosed Crohn disease (10%) and in 10 of
23 children and young adults with known Crohn disease (43%;
P00.061, Fisher exact test).

Compared to normal bowel segments, inflamed segments
showed markedly restricted diffusion with high signal on
b0800 DW images and with low ADC, virtually without
overlap with normal bowel wall (Table 3). Bivariate corre-
lation indicated a significant inverse correlation between
wall thickness and ADC in inflamed segments (Pearson’s
r0−0.39, P00.008), but not in normal segments (Pearson’s
r00.04, P00.671). On T1-weighted CE-MR images, in-
creased signal in inflamed bowel segments did not correlate
with corresponding wall thickness (Pearson’s r00.01, P0
0.975). No correlation was observed between ADC and con-
trast enhancement of inflamed bowel segments.

Children and young adults with Crohn disease had a higher
leukocyte count and higher serum CRP (P00.041 and P<
0.001, respectively; Mann-Whitney test) in the presence of
severe clinical symptoms, compared to other patients and
controls. Contrast enhancement of inflamed bowel wall
showed a strong correlation with leukocyte count (Pearson’s
r00.67, P00.001) and CRP (Pearson’s r00.57, P00.008) in
SB lesions, and with CRP (Pearson’s r00.49, P00.036) in LB
lesions. Correlation analysis of ADC values in inflamed SB
and LB segments did not show statistically a significant
association with severity of clinical symptoms, nor with lab-
oratory markers or contrast enhancement.

Discussion

A significant percentage of patients with Crohn disease are first
diagnosed during childhood and adolescence [1]. The chronic
course of disease with alternating states of remission and re-
currence, compromising quality of life and physical develop-
ment of the affected young patients, the need for therapy
surveillance and the dilemma of how to time surgical interven-
tion necessitate frequent diagnostic imaging studies. In CT and
with conventional enteroclysis, high doses of ionizing radiation
accumulate over the course of the disease [4, 5, 21]. US is
widely employed as the first-line imaging modality in children
for screening in chronic inflammatory bowel disease, for eval-
uation of extent and disease activity and for therapy surveil-
lance [6]. MRI is increasingly considered the imaging modality
of choice for further diagnostic workup if US imaging remains
inconclusive or fails to provide all therapeutically relevant

Table 3 ADCtotal 50/800 in various organs, body fluids and normal
distended bowel wall in patients and controls and in inflamed bowel
wall in patients

ADC (10−3mm2/s)

Mean Range

Internal reference (patients and controls)

Muscle 1.22±0.09 1.03–1.41

Liver 1.10±0.08 0.92–1.32

Spleen 0.84±0.08 0.65–1.02

Kidney 1.85±0.09 1.65–2.07

Renal pelvis 3.21±0.43 2.26–4.28

CSF 3.35±0.30 2.89–4.29

Urinary bladder 3.17±0.38 2.51–4.08

Normal distended bowel wall (patients and controls)

Small bowel 2.08±0.16 1.77–2.44

Large bowel 2.01±0.14 1.61–2.24

Inflamed bowel wall (patients only)

Small bowel 1.16±0.18 0.84–1.40

Large bowel 1.21±0.21 0.84–1.60
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information [9, 22]. State-of-the-art MRI protocols usually
require administration of oral and i.v. contrast medium, and
use T2-weighted sequences with and without fat saturation as
well as contrast-enhanced T1-weighted sequences with 2-D
and/or 3-D acquisitions and breath-hold techniques [9]. In
recent years, DWI has been introduced as a new sequence for
abdominal MRI. DWI has shown very promising results in a
the small number of published studies in patients with chronic
inflammatory bowel disease available so far [15, 16]. A recent
study evaluated the feasibility of DWI in a large cohort of adult
patients with chronic inflammatory bowel disease and showed
a high accuracy of DWI for detection of inflammatory lesions,
as compared to colonoscopy, without the need of bowel prep-
aration and without oral or rectal administration of contrast
medium [23]. Paediatric patients, who are most eligible for
MRI as a radiation-free imaging modality, also pose a partic-
ular challenge, as patient compliance is often limited with
regard to breath-hold techniques, avoidance of patient move-
ment during image acquisition, long scan times and i.v.
injections. We therefore sought to evaluate DWI not as an
adjunct, but as an alternative to standard CE-MRI protocols
in a cohort of children, adolescents and young adults with
Crohn disease.

Comparison of DWI and CE-MRI

An important finding of our study was that free-breathing DW
SS-EPI as a stand-alone technique in combination with T2-
weighted HASTE demonstrates diagnostic performance
equal, if not superior, to CE-MRI for detecting SB and LB
lesions, as well as extraluminal complications in children and
young adults with Crohn disease, as compared to matched
controls. Both imaging approaches yielded high diagnostic
accuracy, especially in SB lesions. However, DWI showed
better detectability of inflammatory lesions, as based on sub-
jective judgement. The high b-value of 800 s/mm2 we used
facilitates strong suppression of background signal arising
from noninflamed tissue and from body fluids, so that in-
flamed bowel segments stand out from, and are more easily
detected within, surrounding anatomical structures. In routine
imaging, this might be particularly advantageous for less
experienced readers. Future studies may address the interest-
ing question as to whether there are different learning curves
for DWI and CE-MRI. However, DWI still has a relatively
low spatial resolution (2.0×2.0 to 2.8×2.8 mm in-plane in our
study). DWI should therefore be evaluated in combination
with a high-resolution standard MRI sequence. We chose
T2-weighted HASTE for its fast image acquisition and its
bright fluid signal. Based on these two sequences, compre-
hensive diagnostic imaging without a substantial loss of diag-
nostic information and without the need of i.v. administration
of contrast medium seems feasible with a scan time of less
than 10 min per patient. If possible, depending on patient

condition, a standard MRI sequence with high spatial resolu-
tion, e.g. T2 TSE, contrast-enhanced T1-weighted imaging
with or without fat saturation or a high-resolution T1-
weighted 3-D water excitation “fistula sequence”, should also
be acquired, particularly in patients with a suspected interen-
teric, mesenteric or pelvic floor fistula.

Apart from the limited spatial resolution of DWI, the
presence of image artefacts is another issue of concern. The
DW sequence employed in our study was based on SS-EPI.
Ultrafast imaging acquisition with EPI and with multiple
averages renders the sequence relatively insensitive to bulk
motion with virtually no motion artefacts in free-breathing
mode. Contrast-enhanced sequences acquired in breath-hold
mode, on the other hand, are prone to motion artefacts from
insufficient breath-hold, which was most pronounced in the
dynamic T1-weighted 3-D FLASH study. Susceptibility to
artefacts is an important technical disadvantage of DWI based
on SS-EPI. Primary acquisition of coronal or sagittal cross-
sections usually results in severe distortion artefacts and non-
diagnostic image quality secondary to B0 magnetic field
inhomogeneity. Transverse acquisition in DWI with second-
ary multiplanar reconstruction (MPR) avoids this issue; how-
ever, image quality then depends on the use of thin axial
slices. Figure 3 presents an example from our study cohort
showing compromised image quality in DWI with a 6-mm
transverse slice thickness on coronal reconstruction, in com-
parison to a coronal contrast-enhanced T1-weighted image,
while all relevant diagnostic information is retained in the DW
reconstruction. In our study, DWI and contrast-enhanced
sequences were complementary with regard to the presence
of artefacts.

Image fusion

Image fusion of standard MRI sequences with DWI is a new
mode for the visual presentation of pathological findings
(Figs. 3 and 4). The semitransparent overlay of coloured
DW images facilitates colocation of signal changes and easier
detection of lesions, comparable to PET/MRI or PET/CT
image fusion techniques. Overlay of ADC maps for tissue
characterization is also feasible [24]. Future software solutions
should include easy-to-use options for online and offline
image fusion of standard sequences with diffusion-weighted
MR image sets.

Diagnostic challenges with DWI and CE-MRI

Only one patient with false-negative findings was observed
in our study group. A 10-year-old boy with newly diagnosed
mild Crohn colitis in the ascending colon presented with
mild clinical symptoms and without laboratory markers of
active inflammation. Even on retrospective analysis, no
indication of inflammatory wall lesions was seen. Regional
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lymphadenopathy observed in this boy may be considered a
nonspecific sign of occult bowel inflammation. Another pa-
tient with endoscopically confirmed focal inflammation of the
descending colon showed corresponding signal changes on
DWI, but not on CE-MRI. The small number of false-
positive and false-negative findings observed for colon seg-
ments did not affect the overall classification of these patients.
These misclassifications were caused by artefacts arising from
a lack of intraluminal contrast and distension and from arte-
facts caused by colonic gas and stool filling. A signal increase
in collapsed SB and LB segments is a common finding on both
contrast-enhanced sequences [25] and on DWI. In contrast to
the conclusion drawn from one earlier study [23], we consider
administration of a sufficient amout of oral contrast medium
necessary tomaintain high diagnostic specificity. Rectal admin-
istration of contrast medium may be a helpful option in those

patients who are not scheduled for concurrent colonoscopy and
in whom evaluation of colonic segments with high diagnostic
confidence is important for diagnosis and treatment.

Differentiation of acute and chronic inflammation

The morphological characteristics of inflamed bowel loops
on CE-MRI have previously been described as homoge-
neous slow enhancement in inactive chronic Crohn disease
and as layered with strong, rapid mucosal contrast enhance-
ment in active disease [26]. In our study, the predominant
morphological pattern in 90% of patients with newly diag-
nosed Crohn disease was that of homogeneous transmural
inflammation on T1-weighted CE-MRI and on DWI, while
nearly one-half of children and young adults with known,
and treated, Crohn disease showed a layered pattern of

Fig. 3 Acute exacerbation of Crohn disease. a, b Inflammatory wall
lesions involving the terminal ileum as well as the ascending and trans-
verse colon are clearly discernible (arrowheads) on coronal contrast-
enhanced T1-weighted images (a curved MPR of coronal T1-weighted
2-D FLASH acquisition with fat saturation, bmaximum-intensity projec-
tion of b0800 DWI, coronal MPR of transverse DWI, inverted grey scale
for visual presentation). c, d Fusion of transverse T2-weighted HASTE
and coloured b0800 DW images at the level of the right colon flexure (c)

and the ascending colon (d) show inflammatory signal changes on the
DW images as a coloured semitransparent overlay. The absence of
inflammatory colonic wall lesions distal to the left colonic flexure was
confirmed on concurrent colonoscopy. DWI visualizes inflammatory
mesenteric lymphadenopathy (b, d arrows). Caudal cross-sections of
the right hepatic lobe and both kidneys are shown in the DW image (c)
with a bright coloured signal in, which is physiological
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contrast enhancement. Layered wall morphology has been
attributed to exacerbation of mucosal inflammation in
chronic disease [26]. A modifying effect of antiinflammatory
medication on contrast-enhancement dynamics and on ADC
can be assumed. The morphological pattern may indicate dif-
ferent stages of disease activity and therapy response and
would thus be of practical significance. However, a layered
signal pattern was not entirely consistent for CE-MRI und
DWI. DWI appears more sensitive for detecting layered wall
signal, as compared to CE-MRI. Further investigations are
necessary to verify the typical morphological patterns of signal
changes in acute and chronic disease.

Attempts to correlate clinical disease activity with dynamic
contrast enhancement of inflamed bowel wall on MRI have
not produced conclusive answers so far [11]. Although an
association with disease activity can be assumed in general,
previous studies with meticulous image analysis of the con-
trast enhancement in affected bowel segments and its correla-
tion with Crohn activity scores have shown equivocal findings
with no [20], weak to moderate [26, 27] and strong correla-
tions [28]. In our study group, we observed significantly
elevated leukocyte count and serum CRP in patients with
severe symptoms. CRP and leukocyte count showedmoderate
associations with segmental contrast enhancement in children

and adults with Crohn disease. Otherwise, the clinical data
available for our retrospective analysis were not sufficient to
calculate clinical disease activity scores and a comprehensive
analysis in this respect was beyond the scope of this study.

As in previous reports, ADC as a quantitative measure of
diffusivity indicated markedly restricted diffusion within in-
flamed bowel wall with mean values around 1.2×10−3mm2/s
in our study. Mean ADC values for inflamed and normal
bowel wall were lower in our study, compared with data
presented by Kiryu et al. [15], but fall within the range of
ADC reported by Oto et al. [16]. Oussalah et al. [23] used
DWI for lesion detection, but did not measure ADC. ADC
values are to some extent influenced by the scanning param-
eters, particularly by the technical specifications of the DW
sequence and the b-values used for image acquisition. Study
data reporting ADC values should therefore include reference
values for body tissues and fluids to facilitate comparability
between different examination protocols. The ADC measured
for inflamed bowel wall in our study did not show any
significant correlation with clinical disease severity and labo-
ratory parameters. The underlying biophysical cause of re-
stricted diffusion within inflamed soft tissue still awaits
clarification. A potential pathogenetic mechanism may in-
clude a reduction in extracellular space secondary to cell

Fig. 4 Segmental inflammatory wall lesion in the terminal ileum in a 20-
year-old patient who had been diagnosed with Crohn disease 9 months
previously and reportedmoderate clinical symptoms with abdominal pain
and increased stool frequency at the time of examination. The lesion
(arrows) is delineated on corresponding transverse cross-sections of T2-
weighted HASTE (a), contrast-enhanced T1 2-D FLASH with fat satu-
ration (b), b:800 DWI (c) acquisitions and on the fused image from

transverse T2-weighted HASTE and coloured b0800 DWI (d). High
signal intensity of pelvic bone marrow on DWI (as seen in d) is common
in children and in patients with increased haematopoiesis, but is also
frequently seen in young adults with Crohn disease (compare Fig. 1),
hypothetically secondary to bone marrow stimulation by inflammatory
stimuli or by gastrointestinal bleeding
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swelling or increased cell density caused by migration of
lymphocytes into the inflamed wall segments. Dynamic T1-
weighted scanning should, in principle, facilitate superior
quantification of local bowel inflammation and should be able
to quantify response to therapy [20]. ADC as a measure of
diffusivity and of bowel wall infiltration with inflammatory
cells should carry the same potential, in theory. A crucial issue
for clinical research in Crohn disease is the definition of valid
outcome variables, as a strong intervening influence of
psychological factors has to be taken into account. Further
research is necessary to provide a valid multifactorial
conceptual framework for future clinical evaluation of dynamic
CE-MRI and quantitative ADC measurement in chronic in-
flammatory bowel disease.

Limitations

Major limitations of our study arise from the retrospective
design. As a result of retrospective data collection, information
on clinical disease activity and on US imaging was incomplete
so that we could not comprehensively analyse MRI findings in
correlation with clinical symptoms or with US as a potential
diagnostic reference.We therefore had to limit our analysis to a
comparison of the two MR imaging techniques that were
central to the purpose of our study. The reference standard
chosen for any imaging study in Crohn disease is an issue of
concern. SB lesions are for the most part inaccessible to
endoscopy. CE-MRI has been studied and validated in com-
parison to radiographic SB series [29] and was therefore de-
fined as our reference standard for SB lesions. Endoscopy
is the recognized reference standard for inflammatory
lesions of the ileocolic junction and the LB. CE-MRI
provides a moderate to high diagnostic accuracy, compared
to other modalities, including colonoscopy and US [30],
and to histology [31]. As colonoscopy was available in
about two-thirds of the children and young adults with
Crohn disease and in only one-third of controls, we used
colonoscopy as the reference where available and CE-MRI
in the remaining patients and controls. Ultrasonography
should be employed as the reference standard in future
studies of DWI in Crohn disease.

The relatively small size of the study group is another
limitation of our study. As US examination is sufficient in
most instances, only a relatively small number of children
with Crohn disease are referred to MRI. There are no data
on substantially larger paediatric patient cohorts available at
present, and none of the studies available included a matched
control group. A multicentre study approach with standard-
ized examination protocols may be necessary to recruit larger
patient cohorts. MRI examinations in our study were per-
formed on two different MR scanners from the same manu-
facturer. Although the scanning protocols used similar
examination parameters as far as possible, a possible influence

of hardware and software configuration on our study results
cannot be ruled out, although the internal reference measure-
ments did not reveal substantial differences between the scan-
ners. Another technical issue of concern is the limited spatial
resolution of MR sequences, and particularly of DWI, relative
to the thickness of the intestinal wall. The 6-mm slice thick-
ness of DWI, in particular, renders quantitative analysis of
bowel wall ADC susceptible to partial volume effects. The
relatively high coefficient of variation observed for mean
ADC of bowel wall, compared with recently published data
on ADC of parenchymatous abdominal organs [32], may have
been a result of limited in-plane and through-plane resolution
of the DW sequences employed in our study. Semiautomatic
ROI quantification may be superior to manual ROI selection
and should be evaluated in future studies. A significant reduc-
tion in slice thickness and an increase in spatial resolution, as
an alternative approach, would imply substantially longer scan
durations. With the scanner equipment presently available,
quantitative ADC measurement of inflamed bowel wall for
correlation with signal intensity of standard sequences or with
clinical indicators of disease activity may therefore be of
limited diagnostic value. Partial volume effects and sampling
errors certainly also affect ROI measurement on standardMRI
sequences.

The study presented can be considered proof-of-concept
work and relied on one experienced observer for quantitative
analysis. Future studies should include interobserver variabil-
ity analyses and observations obtained at different levels of
experience to search for differences in the learning curves with
DWI and standard MRI sequences.

Conclusion

Our study provides evidence that DWI shows diagnostic
accuracy comparable to that of CE-MRI and has potential
as a stand-alone imaging technique for the diagnostic work-
up in children and young adults with known or suspected
Crohn disease. A streamlined scanning protocol including
DWI in free-breathing mode and fast T2-weighted imaging is
likely to result in better patient compliance, and therefore
improved image quality, particularly in young patients in a
poor clinical condition. On the basis of our preliminary find-
ings, further evaluation is warranted, ideally in multicentre
studies with larger patient cohorts, standardizedMRI protocols
and preferably a multimodal comprehensive reference stan-
dard, including US, endoscopy, clinical disease activity scores,
and histology.
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