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Abstract

The purpose of this study was to determine whether MRE performed with diffusion-weighted imaging (DWI) sequences is
comparable to contrast-enhanced MRE in the detection of active small-bowel inflammation in pediatric patients with Crohn’s
disease (CD). We included in our study 68 patients with diagnosis of CD between April 2015 and June 2018 that underwent
MRE examination. Examination protocol includes coronal and axial FISP, T2-w half-Fourier RARE and DWI sequences, a
baseline coronal T1-w fat-saturated ultrafast (GRE) sequence followed by contrast 3D T1-w GRE. All images were assessed
by two radiologists who graded each of bowel segments for the presence of inflammation on a four-point confidence scale on
the basis of wall thickening and wall signal on DWI and ADC maps and comparing their results with post-contrast images.
When considering all bowel segments, we found 41 true positive and 25 true negative on DWI. One false positive case cor-
responded to the absence of inflammatory histopathology changes at the level of the terminal ileum in a 15-year-old male,
and one false negative case was in a 10-year-old female with only jejunal lesion. The corresponding sensitivity, specificity,
PPV, NPV and accuracy were 97.6% (95% CI 67.7-99.7), 96.1% (95% CI 66.7-98.5), 97.6% (95% CI 70.8-98.4), 96.1%
(95% CI 64.2-90.6) and 97% (95% CI 84.2-97.5), respectively. Analyzing the gadolinium-enhanced set, 35 true positive and
25 true negative results were found. One false positive case was found, and it was the same as with DWI. The corresponding
sensitivity, specificity, PPV, NPV and accuracy were 83.3% (95% CI 65.9-86.7), 96.1% (95% CI 68.7-88.9), 97.2% (95% CI
84.3-98.7), 78.1% (95% CI1 27.9-72.1) and 88.2% (95% CI 41.2-85.6), respectively. Sensitivity for the detection of active
IBD lesion was significantly better with DWI than with CE-T1-w imaging (p =0.002), whereas the specificity was similar
(p=0.743). Our study has shown that DWI sequences have a high accuracy in detecting the bowel segment affected by CD.
These results emphasize the utility to include the DWI/ADC in standard MR enterography protocols and suggest that DWI
could replace T1-weighted post-contrast sequences.
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gabriele. masselli @uniromal.it ting disorder of the gastrointestinal tract; in 25% of cases,
it is diagnosed in childhood with an increasing incidence
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intravenous administration of gadolinium-based contrast
agents (CA); the most current concern about CA in children
has been the accumulation of Gd in the basal ganglia, which
is of uncertain clinical significance but should be considered
in patients with IBD, who undergo multiple imaging exami-
nations over time to evaluate symptom recurrence [7, 8].

A non-contrast MRE does not need glucagon injection
and would improve patient comfort and compliance, reduc-
ing scanning time and in some cases avoiding the need for
pediatric sedation; moreover, it would reduce sanitary costs
(in the USA, contrast adds up to $1000 to the MRI price for
out-of-pocket paying patients) [9].

In this regard, diffusion-weighted imaging (DWI) has
been increasingly used for abdominal and pelvic examina-
tions due to its ability to measure molecular water diffu-
sion into the extracellular space and to detect microscopic
changes of inflammatory processes. Apparent diffusion coef-
ficient (ADC) maps calculated from DWI images provide a
quantitative measure of the diffusion characteristics of tis-
sue. This reflects all forms of intravoxel incoherent motion
and is independent from the underlying scan parameters [2,
5]. Its values decrease with increased tissue cellularity or
cell density and may help in the quantitative analysis of dis-
ease activity [10-12].

DWI appears well adapted for children thanks to rapid
acquisition time, a free breathing mode that reduced motion
artifacts, high tissue contrast and finally because it obviates
the need for contrast enhancement. Currently, DWI is con-
sidered an additional sequence in the MRE and only a few
studies have been done in order to evaluate its potential and
diagnostic accuracy alone and in comparison with standard
MRI sequences [13, 14].

The aim of this study was to determine whether MRE
performed with DWI sequences, without administration of
intravenous Gd-CA, is comparable to contrast-enhanced
MRE (CE-MRE) in the detection of small-bowel inflamma-
tion in pediatric patients with CD.

Materials and methods
Patients and methods

This prospective study was approved by the institutional
review board of our University. Parent or guardian informed
consent and subject assent were obtained at the time of study
enrollment.

Sixty-eight consecutive patients (38 females and 30
males; mean age 10.3 years; range, 6—16 years) treated at
the IBD pediatric unit of our University Hospital were con-
secutively and prospectively included between April 2015
and June 2018.

Inclusion criterion was the diagnosis of CD according
to Lennard—Jones criteria [6]. The patients enrolled in the
study either had symptomatic disease or underwent imaging
follow-up to monitor CD activity under treatment.

All the patients underwent complete clinical assessment,
and blood samples were obtained for cell blood counts,
C-reactive protein (CRP) measurements and evaluation of
renal function (MDRD).

Clinical disease activity was assessed using the pediatric
CD activity index (PCDAI) [7], and all patients underwent
MRI within 72 h from clinical assessment.

Patients with claustrophobia or other common MRI con-
traindications, such as allergy to gadolinium or severe renal
failure (MDRD < 30 mL/min), were excluded.

MRI examination was performed using a 1.5 T MR imag-
ing system (Avanto, Siemens Medical Solution, Malvern,
PA, the USA) with a 16-channel phased-array abdominal
coil.

Children fasted for 4 h and were asked to drink 500-1000
of mL polyethylene glycol (PEG) solution 45 min before
the examination. Images were acquired with patients in
the prone position. Coronal and axial FISP images were
obtained first, and if distension was adequate, T2-w images
were obtained in the coronal and axial planes with a single-
shot half-Fourier RARE sequences (i.e., HASTE half-Fou-
rier acquisition single-shot turbo spin echo).

Coronal DWI and axial DWI were obtained by using
a single-shot spin-echo-type echo-planar imaging (EPI)
sequence with fat suppression and parallel technique (reduc-
tion factor 2). Imaging parameters for DWI were as follows:
TR/TE 2500 ms/80 ms; matrix 128 X 128; field of view
280 %400 mm; slice thickness/gap 6 mm/1 mm; 6 averages;
bandwidth 1930 Hz/pixel. The time required to acquire the
DWI set was 3 min. b Values of 50, 400 and 800 s/mm?, as
used in other abdominal applications [13], were employed
(Table 1). Fat suppression was obtained with a selective
frequency to reduce chemical-shift artifacts. Isotropic ADC
maps were generated with a commercially available soft-
ware workstation system (Leonardo; Siemens, Erlangen,
Germany) using all b values and taking an average value of
the three directions of diffusion sensitization.

All images were transferred to the workstation (Leonardo;
Siemens, Erlangen, Germany) for quantitative analysis.

A dose of 0.5 mg glucagon (glucagen 1 mg/mL) was
intravenously administered 1 min before a 3D T1-weighted
spoiled gradient echo (GRE) sequence.

A baseline coronal T1-w fat-saturated ultrafast (GRE)
sequence was applied first, followed by, after administra-
tion of 0.2 mmol/kg of Gadolinium Chelate Gadoterate
Meglumine (Gd-DOTA, Dotarem, Guerbet) with an injec-
tion rate of 3 mL/s, 3D T1-w GRE sequences in the coronal
plane during both the arterial and the portal phase. Finally,
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Table 1 MR imaging parameters

Parameter Balanced gradient echo T2 half-Fourier sequence T13D sequence gradient DWI
sequence (True FISP) (HASTE) echo sequence®
Axial Coronal Axial/axial FS Coronal Axial/sagittal Axial/coronal
Repetition time/echo time (ms) 4.3/2.2 4.3/2.2 1000/90 1000/90 4.1/1.1 3200/75
Flip angle (°) 50 50 150 150 10 10
Field of view (mm) 320-400 320-400 320-400 320-400 320-400 320-400
Matrix 256 x224 256 %224 256 x224 256 x224 256x224 256192
Parallel imaging factor 2 2 2 2 3 2
Section thickness (mm) 5 5 4 4 2.5 10
Intersection gap (mm) 0 0 0 0 0 0
NEX 1 1 1 1 1 6
Receiver bandwidth 125 125 62.50 62.50 62.50 1930

Diffusion-weighted MR images were acquired with b values of 50, 400, 800 s/mm

FISP fast imaging with steady-state precession, RARE rapid acquisition with relaxation enhancement, TR/TE repetition time/echo time

*TImaging was performed with dynamic volumetric interpolated breath-hold examination with fat saturation; fat saturation was achieved with the

chemical-shift-selective fat suppression technique

axial T1-w GRE acquisition covering the entire abdomen
was acquired.

Image analysis

Images were assessed by two radiologists (with 12 and
15 years of body MR experience, respectively) who were
blinded to the clinical and endoscopic examination and sur-
gical results using a picture archiving and communication
system (Carestream, 5.3 sp1.1; Kodak, Rochester, NY).

Three small-bowel segments were evaluated separately:
(1) jejunum, (2) ileum proximal to the terminal ileum and
(3) terminal ileum defined as the most distal 20 cm of the
small bowel.

For this study, jejunal loops were distinguished from ileal
loops both by their respective locations (left abdomen for
jejunum, right abdomen for ileum) and by the appearance
of their folds (more closely packed, jejunum; sparse, ileum).

Each segment was graded for the presence of inflamma-
tion on a four-point confidence scale on the basis of wall
thickening and wall signal on DWI and ADC maps as fol-
lows: 0=definitely absent (imperceptible wall, both in sig-
nal and in thickness), 1 =probably absent (normal thickness,
signal intensity and thickness are similar to the surrounding
bowel segments), 2 =probably present (normal wall thick-
ness, but signal intensity is increased on DWI and decreased
on ADC map), and 3 =definitely present (thick bowel wall,
and signal intensity is increased on DWI and decreased on
ADC map). The bowel wall was considered to be thickened
when it was >3 mm. On DWI, grading scores of 0 and 1
were regarded as indicating normal bowel wall and scores
of 2 and 3 bowel wall inflammation.

@ Springer

On T2-w images, we analyzed the following signs: wall
thickness (setting a grading score of 1: 3 mm, 2: 4-6 mm
and 3: >6 mm), submucosal edema, aphthous ulcers,
lymphadenopathy.

On T1-w post-contrast images, we analyzed the follow-
ing signs: comb sign (defined as mural stratification with
engorged vasa recta that penetrate the bowel wall perpendic-
ular to the bowel lumen), mesenteric hyperemia and strati-
fied contrast enhancement of the mucosa.

To minimize recall bias, two reading sessions were per-
formed 4 weeks apart from each other and MR images (T2,
contrast T1 and diffusion-weighted images) were randomly
analyzed during the different sessions.

Patient information was removed from all images. During
each imaging analysis, the readers were asked to determine
the presence and location of small-bowel inflammation.

Moreover, after 3 weeks, during a third interpretation,
the two readers (1) resolved discrepancies in consensus and
determined the diagnoses that were compared with the refer-
ence standard diagnoses; and (2) evaluated image quality of
T1-weighted images post-contrast and DWI images by using
a point scale: a score of 0 indicated non-diagnostic images;
1, diagnostic images with numerous artifacts; 2, diagnostic
images with a few artifacts; and 3, diagnostic images with-
out artifacts; (3) objective measurements of ADCs signal
intensity were calculated using the standard tools of the
workstation. Regions of interest (ROIs) on the ADC maps
were drawn by an MR imaging physicist (S.S., 10 years of
experience in abdominal MR imaging) and the two radiolo-
gists in consensus by using visual correlation of the ADC
maps with the anatomic information derived from the cor-
responding T2-weighted images. Three values for each zone
were recorded, and the final ADC value was the average.
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The largest possible polygonal-shaped regions of interest
(ROIs), ranging from 8 to 18 mm?, were placed at the level
of the small-bowel wall.

Reference standards

The standard of reference for the presence of active lesion
of IBD was histopathological findings (obtained by biopsy
during endoscopic examination in 63 cases and by surgical
specimens in 5 cases: 1 lesion of the jejunum and 4 lesions
of the ileum).

The MR findings were correlated with the corresponding
histological references for each segment by a coordinator not
involved in the studies.

Histopathology activity score

The intestinal biopsies were stained with hematoxylin—eosin
and retrospectively reviewed by an experienced pathologist
> 10 years of experience, who was unaware of clinical infor-
mation or MRI findings. The histopathologist applied an
endoscopic biopsy acute inflammatory score (€AIS: Table 2)
based on the typical morphological features of Crohn’s dis-
ease described in guidelines published by the European
Crohn’s and Colitis Organization.

At least three samples of biopsy were collected for each
patient, and the highest score for each was used for that
patient, in accordance with the standard procedure in our
institution.

Statistical analysis

Quantitative variables are given as means and standard
deviation (s.d.) or as medians in the case of an abnormal
distribution. Proportions are expressed as percentages and
95% confident intervals (CIs).

Differences in quantitative measures were tested by Stu-
dent’s test or Kruskal-Wallis’ test if the conditions of Stu-
dent’s test were not met. Qualitative variables were com-
pared by exact Fisher’s test or Chi-squared test.

Using the histopathological standard of reference, ADC
values were compared between patients with no histological

Table 2 Histopathology grading for acute inflammation score (AIS)

Histological variable Grade

Erosion or ulceration 0=No, 1=Yes
Polymorphs in the lamina propria 0=No, 1=Yes
Cryptitis 0=No, 1=Yes
Crypt abscess formation 0=No, 1=Yes
Inflammatory exudates 0=No, 1=Yes
Granulomas 0=No, 1=Yes

inflammation (eAIS =0) and those with histopathological
inflammation (AIS score > 1) using the Mann—Whitney U
test.

eAlS scores were then compared across qualitative DWI
grades using Kruskal-Wallis test with post hoc correction.

The sensitivity and specificity of DWI grades 2 and 3 for
active disease (AIS > 1) were calculated. A threshold was
determined by calculating receiver operating characteristic
(ROC) curves.

All correlations were studied using Spearman’s nonpara-
metric correlation coefficients (r and p value, respectively).
Inter-observer agreement between paired evaluations of MR
by two radiologists (VP and AJ) was performed with kappa
statistics for comparisons of qualitative variables and Pear-
son correlation coefficient or Lin concordance correlation
coefficient for quantitative data.

A p value of 0.05 was considered significant. Calcula-
tions were done with STATA v10 (STATA Corp., College
Station, TX, USA).

The strength of agreement was considered poor for k val-
ues less than 0.20, fair for x values of 0.21-0.40, moderate
for k values of 0.41-0.60, good for k values of 0.61-0.80 and
very good for k values of 0.81-1.00.

Results

The mean time between MRE and endoscopy with biopsy
was 5.5 days (range 1-21 days).

Based on the histopathology, findings were classified
48/68 (70%) patients in acute inflammatory phase and 20/68
(30%) patients in no-acute inflammatory phase, respectively.

Baseline patient characteristics are shown in Table 3.

The mean image quality score of DWI and contrast
T1-weighed sequence was 2.9 +0.3 and 2.0 +0.5, respec-
tively (p value=0.074).

When considering all bowel segments, 41 true positive
and 25 true negative results were found on DWI.

One false positive case corresponded to the absence of
inflammatory histopathology changes at the level of the ter-
minal ileum in a 15-year-old male, where endoscopic exami-
nation showed the presence of thickening folds.

One false negative case was in a 10-year-old female with
only jejunal lesion.

The corresponding sensitivity, specificity, PPV, NPV
and accuracy were 97.6% (95% CI 67.7-99.7), 96.1% (95%
CI 66.7-98.5), 97.6% (95% CI 70.8-98.4), 96.1% (95% CI
64.2-90.6) and 97% (95% CI 84.2-97.5), respectively.

Analyzing the gadolinium-enhanced set, 35 true positive
and 25 true negative results were found (Fig. 1). One false
positive case was found, and it was the same as with DWI.

The number of false negative findings at contrast MRI
(n="7) was higher than that at DWI (n=1) at the level of
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Table 3 Patient characteristics
Total number: 68

Female/male, n (%) 38/30 (55/45)

Median age at inclusion (years) 10.3

Previous intestinal resection, n (%) 5 (7)

Range of duration of the disease (months) 18 +7

By comparison with clinical and laboratory data (CDAI), 48/68 (70%) patients were in the active
phase of the disease and 20/68 (30%) patients were in clinical remission

Crohn’s disease phenotype (Montreal classification), n (%)

Al 68 (100)
L1 15(22)
L2 20 (29)
L3 29 (43)
L4 4 (6)
B129 (42)
B2 24 (35)
B3 11 (16)
B5 (7)

the jejunum (5 vs 1) rather than at the ileum (2 vs 0) (Figs. 2
and 3).

The corresponding sensitivity, specificity, PPV, NPV
and accuracy were 83.3% (95% CI1 65.9-86.7), 96.1% (95%
CI 68.7-88.9), 97.2% (95% CI 84.3-98.7), 78.1% (95% CI
27.9-72.1) and 88.2% (95% CI 41.2-85.6), respectively.

Mean bowel wall ADC measurements were as follows:
1150 +200 X 10-6 mm?/s in patients with active disease
(n=48) and 1400+ 250 % 10-6 mm?/s in patients with
no active disease (n=20), respectively. The comparison
between two groups showed a statistically significant differ-
ence between the two samples, showing that the distribution
of lower ADC values in patients with active disease is not
random (p =0.0367).

Sensitivity for the detection of active IBD lesion was
significantly better with DWI than with CE T1-w imaging
(»=0.002), whereas the specificity was similar (p =0.743).

Excellent inter-observer agreement regarding lesion
detection was achieved (k=0.970, 95% CI: 0.929, 1.000 for
diffusion sequence and k=0.937, 95% CI: 0.877, 0.998 for
contrast MRI).

Discussion

Our results found significantly better accuracy and sensitiv-
ity of T2 in combination with DWI rather than in combi-
nation with CE sequences in detecting small-bowel acute
inflammation in pediatric patients with CD.

Our results are in accordance with a retrospective study
that has shown that DWI has a sensitivity of 94% for the
detection of small- bowel and colonic lesions in the case of
CD [20]. Another study has shown in 44 adults that DWI
MRE is not inferior to contrast material-enhanced MRE for
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the evaluation of inflammation in CD, except for the diag-
nosis of penetration [11].

Most of the studies have demonstrated the accuracy of
the MR enterography in radiological diagnosis of CD in
pediatric patients using standard T2 and post-contrast T1
sequences [15, 16].

Recently, some studies [17, 18] have reported that the
presence of inflammation in the active phase arises with
a limited diffusivity or with an increased signal in DWI
sequences and a corresponding reduction of the signal in
the ADC maps [19].

Performance of high-quality MR enterography in chil-
dren, compared with adults, poses additional challenges,
such as limiting body movements during imaging and tai-
loring sequences to match pediatric patients’ ability to hold
their breath, especially during intravenous administration of
contrast medium [20].

DWI has still to be properly investigated in small-bowel
imaging in pediatric population for its advantages such as
rapid image acquisition, high tissue contrast and lack of
intravenous contrast material [21-26]. Particularly, this
last characteristic could avoid the venous access, the risk
of adverse reactions to the contrast medium and minimize
patient discomfort particularly important in the pediat-
ric population that can preclude their cooperation at this
examination.

There are several advantages in using DWI instead of
CE T1-w images: a shorter examination duration (if post-
gadolinium MR imaging is not performed) and no need for
catheter placement and for glucagon injection.

In our study, images obtained by DWI displayed better
image quality than CE T1-w images. This quality differ-
ence may be due to a longer time of examination with
T1-w imaging and to movements artifacts. Furthermore,
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Fig. 1 Diagnosis of ileal CD in
a 14-year-old female with active
Crohn’s disease. a Coronal
steady-state true FISP image
showed thickening of the wall
of the terminal ileum (arrows)
with evidence of increased
layered enhancement on b coro-
nal post-contrast T1-weighted
image. Hyperintensity of the
wall of the terminal ileum was
observed on ¢ coronal DWI

at b=800 mm?/s with low
signal on d ADC (ADC value
1130 x 10-6 mm?/s (arrows). e
Axial T2-weighted single-shot
fast spin-echo image with fat
saturation shows thickness of
the wall of the terminal ileum
(short arrow) with a hyperin-
tense fluid collection (arrow). f
Transverse single-shot echo-pla-
nar DW image at b =800 mm?/s
shows the hyperintense signal of
the fluid collection, indicative of
an abscess. g On T1-weighted
image after contrast administra-
tion, the abscess shows thick,
rim enhancement (arrows).
Interventional drainage
confirmed the diagnosis of an
abscess
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Fig.2 Diagnosis of ileal CD in a 8-year-old female with Crohn’s »
disease. a Coronal post-contrast T1-weighted image depicted no
clear differences in terms of transmural enhancement at the level
of the ileal loops. Hyperintensity of the wall of the terminal ileum
compared to adjacent intestinal loops was observed on b coro-
nal DWI at b=800 mm?s with low signal on ¢ ADC (ADC value
1200 x 10-6 mm?/s (arrows). Based on the restriction of the diffusion
CD in the active phase was diagnosed that was confirmed by endos-

copy

gadolinium MR imaging is performed in apnea, while DWI
MR imaging can be performed in free breathing, which is
better tolerated by pediatric patients. Still, there are some
disadvantages of using DWI because it has a poorer spatial
resolution that requires a joint analysis with T2 sequences;
for this reason, the MR protocol requires the performance
of T2-w imaging together with DWI.

In our study, DWI showed a better diagnostic perfor-
mance than post-contrast sequences; an explanation could
be that DWI was performed in free breathing avoiding the
uncomfortable apnea required for CE MR and is less prone
to motion artifacts.

Most of the lesions missed at CE-T1-w images were
at the level of jejunal loops; an explanation could be that
CE-T1-w images are less accurate in detecting lesions in
the presence of sub-optimal distension, as it is frequently
seen at the level of jejunum, whereas the accuracy of the
diffusion sequence seems to depend less on the grade of
distension [27, 28].

Some authors have suggested increasing bowel wall
restricted diffusion in CD as a radiological biomarker for
increasing disease activity without the need for intravenous
contrast material [29-32].

The limitations of our study were several: the small sam-
ple of patients; however, our number is similar to that in
previous studies [32, 33]; another limitation of the study
was that we arbitrarily selected a b value of 800 s/mm?. In
the future, further studies investigating DWI findings using
different b values may determine their role in the detection
of bowel inflammation.

Finally, comparison of imaging results with histological
activity as gold standard is debatable since inflammation in
Crohn’s disease is discontinuous, leading to sampling error
for histological assessment. Transmural inflammation in
Crohn’s disease may also mean that histological mucosal
healing does not represent quiescent disease, since deeper
inflammation, although invariably in the form of lymphoid
hyperplasia, and therefore reflecting chronic inflammation
rather than acute inflammation, may persist [34, 35].

In conclusion, our study has shown that DWI sequences
with the corresponding ADC maps have a high accuracy
in detecting the bowel segment affected by CD and that,
associated with the standard T2-weighted images, allows to
increase the diagnostic accuracy.
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Fig.3 Diagnosis of jejunal CD in a 13-year-old male with Crohn’s
disease. a Coronal T2-weighted HASTE image showed mild thick-
ening of jejunal small-bowel loop (arrows) with no evidence of
increased enhancement on b coronal post-contrast T1-weighted
image. Hyperintensity of the wall of the jejunal small-bowel loop was

This evidence suggests the utility to include the DWI/
ADC in the standard protocols of MR enterography. DWI
could replace T1-weighted post-contrast sequences for
detecting small-bowel acute inflammation in patients with
CD, avoiding injection of contrast medium and reducing
the examination time making the examination better toler-
ated by pediatric patients.

observed on ¢ coronal DWI at b=800 mm?/s with low signal on d
ADC (ADC value 1170 x 10-6 mm?/s (arrows). Based on the restric-
tion of the diffusion CD in the active phase was diagnosed that was
confirmed by endoscopy
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