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Abstract: This study investigates the performance of PET/MR versus each sub-modality alone in the assessment of
active inflammation in patients with Crohn disease, when compared to surgery as standard of reference. Sensitivity
for detecting active inflammation was 91.5% for PET, 80% for MR, and 88% for PET/MR. Specificity for active inflammation was 74% for PET, 87% for MR, and 93% for PET/MR. Diagnostic accuracy was 84% for PET, 83% for MR, and
91% for PET/MR. In conclusion, PET/MR is significantly more accurate than either sub-modality alone and more
specific than PET alone in the detection of active inflammation in patients with Crohn disease.
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Introduction
Crohn disease is a chronic granulomatous inflammatory disorder that affects the gastrointestinal tract and is characterized by mucosal
and transmural inflammation [1]. Although Crohn disease is often inflammatory in nature at
its early stages, its behavior tends to evolve
over time, resulting in complications such as
stricturing or penetrating disease [2].
In current practice, the diagnostic gold standard for Crohn disease is endoscopy with biopsies. Nonetheless, endoscopic techniques are
invasive with limited small bowel evaluation,
and they provide only intraluminal mucosal visualization [3]. As a result, non-invasive imaging has increasingly played an important role in
the management of Crohn disease. In particular, cross-sectioning imaging allows for assessment of the entire length of the bowel, extent of
disease, extramural findings, and extraintesti-

nal manifestations [4]. Complications such as
fistulas, strictures, and abscesses are also better characterized on imaging and profoundly
influence clinical management [5]. After the initial diagnosis, imaging follow-up is essential to
assess for disease activity, treatment response and the development of complications.
The ability to detect and localize active inflammation on imaging has important management
implications. For instance, inflammatory strictures are typically treated with medical therapy, whereas fibrotic non-inflammatory strictures are treated with surgical resection [6]. Furthermore, modern immunomodulators (e.g., infliximab) for Crohn disease, designed to inhibit
pro-inflammatory cytokines, have been proven
effective in treating cases of active inflammation [7]. However due to associated economic
costs and potential side effects, their usage might benefit from precise assessment of active
inflammation before and during treatment.

PET/MR of active Crohn disease
F-Fludeoxyglucose (FDG) positron emission
tomography (PET) localizes and quantifies FDG
uptake in tissues of increased metabolic activity, such as neoplasms and areas of inflammation [8]. PET has been shown in prior studies
to be useful in the detection of inflammation in
Crohn disease, especially in the pediatrics population [9, 10]. In addition, positron emission
tomography/computed tomography (PET/CT)
improves the interpretation and localization of
FDG uptake, thereby reducing false positive
results [11]. A disadvantage of PET/CT is ionizing radiation, which is especially important in
Crohn disease patient population that features a large percentage of children and young
adults [12].

Materials and methods

Hybrid positron emission tomography/magnetic resonance (PET/MR) has emerged as a promising modality in various applications. For
example, PET/MR was demonstrated to be superior to PET/CT in the characterization of
malignancies in the central nervous system
[13, 14] and body [15-17]. The benefits of
PET/MR over PET/CT derive from PET/MR’s capability to synchronously acquire PET and MR
data, from excellent soft tissue signal-to-noise
and contrast-to-noise ratios of MR, and from
additional functional imaging capabilities (e.g.,
diffusion-weighted imaging) [14, 18]. Studies
also have shown that PET/MR results in a
20%-73% reduction in radiation exposure compared to PET/CT [19, 20].

In preparation for PET/MR, patients fasted for
at least six hours before imaging. Two hours
before imaging, patients began to drink at least two liters of a polyethylene-glycol based
negative oral contrast solution. Ninety minutes
before imaging, 18F-FDG (mean dose, 4.44
MBq per kilogram of body weight; range, 370400 MBq) was injected intravenously.
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Recent literature has described PET/MR in the
evaluation of Crohn disease. One study reported the feasibility in using PET/MR acquired
imaging biomarkers to differentiate between
fibrotic and inflammatory strictures [21]. Another study showed that PET/MR is more accurate than PET/CT in assessing extra-luminal
disease in patients with Crohn disease [22].
Nonetheless, comparisons in classification performances between PET/MR with each submodality alone in the assessment of bowel
inflammation have remained unexplored.
In this study, we aim to investigate the performance of PET/MR versus each sub-modality
alone, namely PET alone and MR alone, in the
assessment of active inflammation in patients
with Crohn disease, when compared to surgery
as standard of reference.
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Subject selection
Subjects were identified from retrospectively
reviewed clinical data of 43 consecutive patients who underwent PET/MR enterography
for Crohn disease between December 2012
and July 2016. Among these patients, 32 of
them underwent abdominal surgery within 8
weeks after the date of their PET/MR. Based
on the availability of complete surgical records, 21 of these patients were selected to be
included in this study.
PET/MR enterography protocol

Five minutes before PET/MR imaging, patients
received 20 mg of intravenous Joscine N-butilbromure [Buscopan, Boehringer Ingelheim,
Milan, Italy]. All patients were scanned on an
integrated PET/MR system (mMR, Siemens,
Erlangen, Germany). Two body coils (each with
12 channels) were combined to extend coverage of the entire abdomen. Patients were then
imaged from the level of the mid-thigh to the
diaphragm.
The following MR sequences were simultaneously acquired with PET (co-acquisition): coronal short time inversion recovery (STIR), axial
T2-weighted half Fourier acquisition single shot turbo spin echo (HASTE), coronal T1-weighted Dixon, and axial diffusion weighted imaging
(DWI). PET/MR co-acquisition enabled temporal and spatial matching of the MR and PET
data. After completion of these co-acquisition
sequences, the following stand-alone breathhold MR sequences were performed: coronal
T2-weighted HASTE, axial T1-weighted dual gradient echo (GE), and axial and coronal noncontrast and dynamic contrast enhanced (CE)
T1-weighted volumetric interpolated breath hold examination (VIBE).
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Figure 1. Concordance of PET and MR in correctly identifying active inflammation. Coronal PET (A), coronal CE-VIBE
(B), fused PET/MR (C). An actively inflamed bowel loop (arrow) demonstrates wall thickening, pronounced enhancement, and marked FDG uptake (arrow).

Image analysis
A dedicated workstation (SyngoVia, Siemens,
Erlangen, Germany) was used for image interpretation. Acquired images were divided into
three categories: PET alone images, MR alone
images, and combined PET/MR images. Each
set of images was presented in a random order,
at least 4 weeks apart, to two experienced radiologists (O.A.C and A.S with 18 and 30 years of experience, respectively). Readers were
blinded to the surgical descriptions but were
informed of the diagnosis of Crohn disease.
PET alone images were evaluated in the coronal and axial planes. MR alone images were
evaluated using the following sequences: coronal STIR, axial DWI, coronal portal venous
phase CE VIBE, axial delayed CE VIBE, and axial and coronal T2-weighted HASTE. Combined
PET/MR images were evaluated using coronal
and axial PET images along with the following
MR sequences: coronal STIR, axial DWI, coronal portal venous phase CE VIBE, axial delayed
CE VIBE, and axial and coronal T2-weighted
HASTE. PET/MR images were evaluated both
before and after co-registration and fusion.
For analysis, the gastrointestinal tract was
divided into five segments: stomach plus duodenum, jejunum, proximal ileum, distal ileum,
and colon. Each segment was classified as
either positive or negative for acute inflammation. The imaging criteria for acute inflamma64

tion were: (a) increased FDG uptake with SUVmax ≥ 4 for PET; (b) bowel wall thickening > 3
mm, increased signal on T2 weighted/STIR
images, and brisk post-contrast enhancement
for MR; and (c) PET SUVmax ≥ 4 plus at least
one of the MR criteria reported above for combined PET/MR interpretations. Similar MR criteria have been proposed in prior studies for
the assessment of active bowel inflammation
[23, 24].
Standard of reference
Surgical reports from operations performed
within 8 weeks from the PET/MR study were
used as the standard of reference for confirming the diagnosis of active bowel inflammation.
Statistical analysis
The sensitivity, specificity, and accuracy of the
imaging modalities to detect active bowel inflammation were calculated in this study. Statistical differences between these measures
were evaluated by the McNemar’s test using
the “R” statistics package (version 3.1.10; R
Foundation, Vienna, Austria). P-values < 0.05
were considered statistically significant.
Results
A total of 105 bowel segments were identified
and evaluated among the 21 patients included
Am J Nucl Med Mol Imaging 2018;8(1):62-69
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Figure 2. False positive PET case. Axial PET (A), axial T2-weighted HASTE (B), axial CE-VIBE (C), and fused PET/MR
(D). A focal area of marked FDG uptake was identified in the distal ileum/ileocecal valve (arrow). However, no bowel
wall thickening or hyperenhancement was seen in this region on MR. Additionally, no active bowel inflammation was
observed in this region during surgery.

in this study. Image-based active inflammation
was identified in 66/105 bowel segments on
PET, 53/105 bowel segments on MR, and
55/105 bowel segments on PET/MR. On the
basis of surgical reports, 59/105 bowel segments were positive for active inflammation;
accordingly, the number of (a) true positive
bowel segments (TP) were 54 in PET, 47 in
MR, 52 in PET/MR (Figure 1); (b) true negative
(TN) bowel segments were 34 in PET, 40 in MR,
and 43 in PET/MR; (c) false positive (FP) bowel
segments were 12 in PET, 6 in MR, and 3 in
PET/MR; (d) and false negative (FN) bowel segments were 5 in PET, 12 in MR, and 7 in PET/
MR. Representative false positive PET and
MR cases are illustrated in Figures 2 and 3,
respectively.
Sensitivity for detecting active inflammation
was 91.5% for PET, 80% for MR, and 88% for
PET/MR. The sensitivity of PET alone was significant higher than that of MR alone (p = 0.02).
While the sensitivity for PET/MR was slightly
lower than that of PET alone, the difference was
not statistically significant (p = 0.48). PET/MR
was more sensitive in detecting active inflammation compared to MR alone, but this was not
shown to be statistically significant (p = 0.08).
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On the other hand, the specificity for active
inflammation was 74% for PET, 87% for MR, and
93% for PET/MR. When compared to PET alone, the higher specificities seen with PET/MR
and MR alone were statistically significant (p =
0.04 and p = 0.01 respectively). Although
PET/MR exhibited a higher specificity compared to MR alone, this difference was not statistically significant (p = 0.37).
Lastly, diagnostic accuracies were 84% for
PET, 83% for MR, and 91% for PET/MR. The
higher accuracy seen in PET/MR in identifying
active inflammation was statistically significant
compared to PET alone and MR alone (p =
0.02 and p = 0.01 respectively). When comparing diagnostic accuracies between PET alone
and MR alone, no statistically significant difference was found (p = 1.00).
Discussion
This study, to the best of our knowledge, is
the first to have investigated the diagnostic
performance of PET/MR in the evaluation of
active inflammation in Crohn disease when compared to intraoperative findings as standard
of reference.
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Figure 3. False positive MR case. Coronal PET (A), coronal CE-VIBE (B), and fused PET/MR (C). A segment of bowel
wall thickening with abnormal hyperenhancement was identified in the left lower quadrant of the abdomen on MR
(arrow). However, no FDG uptake in this region was detected on PET. Additionally, no active bowel inflammation was
observed during surgery.

PET/CT has been shown to be a useful modality in identifying bowel segments with active
inflammation. In particular, one meta-analysis
paper revealed that PET/CT findings of bowel
inflammation have correlated well with endoscopy results in IBD patients [25]. The combination of functional data from PET and morphological data from CT has been shown to predict
response of Crohn disease patients to medical
treatment. For example, one study suggested
that abnormal segments of bowel enhancement on CT without FDG avidity was significantly associated with failure of medical therapy
[26]. PET/CT has also been utilized to monitor
treatment response in IBD patients, in which
the degree of active inflammation as detected
on PET/CT decreased after medical treatment
and correlated with symptom improvement
[27].
Similar to PET/CT, PET/MR combines functional
and morphological data to potentially better
assess the extent and location of disease than
either sub-modality alone [28, 29]. PET/MR
offers several advantages over PET/CT. Notably,
MR has superior soft tissue signal-to-noise
ratio and contrast-to-noise ratio when compared to CT. Signal intensity on T2 weighted
images has been shown to reliably correlate
with signs of active inflammation in Crohn disease while using endoscopy as a standard of
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reference [23]. Furthermore, PET/MR is associated with a reduction in radiation dose to
patients. This is especially important in Crohn
disease patients who are typically young and
are subject to multiple serial imaging studies
throughout their lifetimes [30]. Compared to
sequential acquisition in standard PET/CT,
PET/MR coacquisition also enables more accurate spatial and temporal matching of MR anatomy with PET data [31]. Simultaneous PET/MR
imaging is distinctly advantageous in bowel
evaluation because sequential acquisition, intrinsic to PET/CT, can result in miss-registration artifacts due to motion and peristalsis
[32].
Currently, there are only a few studies that
describe the clinical utility of PET/MR within
the context of IBD. In Crohn disease, PET/MR
was shown to reliably differentiate between
fibrotic versus inflammatory strictures [21] and
accurately detect extra-luminal disease [22],
while another group reported the utility of PET/
MR in the identification of subclinical inflammation in ulcerative colitis [24]. These studies
highlight the potential role that PET/MR might
play in managing patients affected by chronic
inflammatory bowel disease.
In our study, the results of the diagnostic performance of MR alone were similar to those of
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a prior MR study that showed that T2-weighted
and post-contrast enhancement images had a
sensitivity of 80% and specificity of 98% in the
differentiation of normal versus inflamed bowel segments, when compared to a surgical
histopathology standard [33].
We found that PET was significantly more sensitive than MR in the detection of active inflammation. The high sensitivity (54-100%) of
PET in detecting active inflammation in Crohn
disease has been proven in previous studies
and resulted in the well-known capability of
PET to detect hypermetabolic activity at a molecular level [28, 29, 34]. This is advantageous in several diseases where PET demonstrates pathology well before detectable morphologic changes occur [35]. Our results also
showed that PET was significantly less specific
than MR in assessing for active inflammation.
However this is a well-known limitation of PET,
with reported specificity ranging 50-65% [10,
36], that is explained, at least in part, by the
highly variable physiologic FDG uptake in the
gastrointestinal tract [37]. These findings illustrate the importance of using information from
both PET and MR in the evaluation of bowel
inflammation and might explain why, in our
study, PET/MR was significantly more specific
than PET alone in detecting active bowel inflammation.
Additionally, PET/MR was shown in our study
to be more accurate than either PET or MR alone. MR alone imaging may suffer from falsepositive findings, with false-positive rates ranging from 7 to 21% as reported in prior studies
[38, 39]. In particular, false-positive findings
could stem from collapsed bowel loops that
are mistakenly interpreted as bowel wall thickening/enhancement with abnormal MR signal
[40]. Collapsed but normal bowel loops can
also at times exhibit restricted diffusion and
may be incorrectly diagnosed [40]. In our experience, with the added information provided
by PET, the lack of FDG uptake would help us
correctly classify these collapsed bowel loop
segments as non-inflamed. On the other hand,
MR alone imaging may also suffer from false-negative findings, with false-negative rates
ranging from 10% to 21% in reported literature
[38, 41]. For instance, false-negative findings
can be seen in cases of mild inflammatory
bowel disease [41], or in the presence of over-
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distended bowel loops that may be misinterpreted as normal [40]. All in all, FDG uptake
information as provided by PET may aid in the
detection of active inflammation.
There were some limitations in our study design. First, this was a retrospective study conducted in a single center with a small sample
size. Second, the use of a surgical standard of
reference may have created a selection bias
that recruited patients with more severe disease than the general Crohn disease population. Third, our study did not include follow-up
data that may have allowed for the analysis of
prognostic significance of PET/MR findings.
Conclusion
Our study shows that PET/MR is more accurate
than either sub-modality alone and more specific than PET alone in the detection of active
inflammation. PET/MR might improve diagnostic accuracy in evaluating for active Crohn disease, and thereby potentially play a role in the
management and treatment monitoring for
these patients.
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