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Abstract
Objectives To prospectively compare conventional MRI se-
quences, dynamic contrast enhanced (DCE) MRI and diffu-
sion weighted imaging (DWI) with histopathology of surgical
specimens in Crohn’s disease.
Methods 3-T 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 correla-
tion, 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 histopatholog-
ical scores of surgical specimens. DCE-MRI and DWI param-
eters 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.

Keywords Magnetic resonance imaging . Magnetic
resonance enterography . Contrast . Apparent diffusion
coefficient . Crohn’s disease

Abbreviations
ADC Apparent diffusion coefficient
CDAI Crohn’s disease activity index
CRP C-reactive protein
DCE Dynamic contrast enhanced
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DWI Diffusion weighted imaging
ISI Initial slope of increase
ME Maximum enhancement
ROI Region of interest
TTP Time-to-peak

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 ac-
tivity is important in daily clinical practice tomonitor 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 dif-
fusion weighted imaging (DWI) have been recently investigat-
ed for assessing disease activity and results appear promising
[5–14]. DCE-MRI allows quantitative assessment of the perfu-
sion 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 envi-
ronment. Therefore, these sequences provide valuable informa-
tion 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. How-
ever, a variety of reference standards were used, hindering
firm conclusions. Importantly, complete quantitative assess-
ment of the disease can only be performed on the basis of full
thickness evaluation of surgical specimens. To our knowl-
edge, three studies have used surgical specimens as a refer-
ence standard for the correlation with conventional MR pa-
rameters [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 sur-
gical specimens as the reference standard.

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 pa-
tients 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.

MRE protocol

Patients fasted for 4 h before the examination and drank up to
1,600mL 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 config-
ured 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 retrospec-
tively for respiratory motion. The dynamic 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, Ger-
many) was injected through a 20-GA intravenous catheter into
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the antecubital vein by bolus injection (5 mL/s) using an auto-
mated injection pump (Mallinckrodt Optistar, Liebel-Flarsheim,
Cincinnati, OH, USA). Injection of contrast medium was im-
mediately followed by a bolus of 20mLof saline (5mL/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 radiolo-
gist (>300 MRI enterography for luminal CD) used the con-
ventional sequences to determine the 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 iden-
tifiable 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, mesen-
teric 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 inten-
sity 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 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].

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 1,450–1,880 5,000 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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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 mea-
sured 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 coordinator and the pathol-
ogist had matched the exact location of the evaluated bowel
sections of interest on theMR 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 expe-
rienced gastrointestinal pathologist evaluated all tissue sec-
tions 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 cor-
relation coefficient. We interpreted the correlation coeffi-
cient as follows: 0.0, not correlated; 0.2, weakly correlat-
ed; 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.

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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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).

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)

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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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.

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 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.

Table 3 Demographic character-
istics of 20 patients with
Crohn’s disease

Parameter

Sex Women, n (%) 12 (60)

Age Years, mean (range) 38 (21–73)

Time between MRE 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 MRE 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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The T2 mural/mesentery ratios did not differ between FS
grades (P=0.156). Themedians (and IQRs) of FS grades were

366.7 (290.2–521.9), 528.3 (354.6–1,125.0) and 539.4
(360.3–1,882.0) for none, mild and severe FS, respectively.

Enhancement pattern, comb sign and creeping fat The en-
hancement 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 layer ‘mucosal’ pattern of
enhancement was observed. All five specimens with severe
fibrosis at histopathology had a layered pattern of enhance-
ment (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

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
a Spearman’s correlation test
b Kruskal–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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(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), respec-
tively. 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 1216–4,198) 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 sec-
tions were 2,282 (1,998–2,772) and 1,714 (1,433–2,331),
respectively. Median ADC values of non-fibrotic and fibrotic
sections differed significantly (P=0.023; Fig. 5).

Discussion

We found that several quantitative measurements of conven-
tional, DCE and DWI parameters were related to location-
matched histopathological measures of Crohn’s disease activ-
ity. 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 thick-
ness, 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

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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ratio can be used to discriminate between inflammation and
fibrosis.

Three earlier studies correlated conventional MR parame-
ters from patients with Crohn’s disease with a surgical refer-
ence 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 saturationwas 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 se-
quences. Unfortunately, in that retrospective study only qual-
itative parameters were used for mural T2 signal and T1
enhancement [16]. In our prospective study, quantitative

measurements of mural thickness, T2 signal and T1 enhance-
ment on delayed post-contrast images all correlated with in-
flammation. 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 histopa-
thology 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 inflammation from fibrosis. A higher T2 mural/
CSF ratio was significantly associated with more inflamma-
tion 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

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)

Table 5 Pattern of enhancement according to the fibrostenosis score [24]

Pattern of enhancementa Histopathological score of fibrostenosis Total

Grade 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

a Enhancement 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)
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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 gado-
linium 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. Inter-
estingly, 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 re-
stricted diffusion of water molecules in the diseased bowel
wall.

Our study has several limitations. Firstly, a reference stan-
dard 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 in-
flammatory activity. However, experienced observers, as used
in our 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 chal-
lenging, 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, classi-
fication 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 dis-
ease. 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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