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Preface

The length and caliber of the small bowel make it challenging to evaluate by con-
ventional endoscopy and radiology techniques. Not long ago, barium studies were
the only way to image the bowel, providing meager visualization of the lumen and
mucosal irregularities. The past 15 years have seen tremendous improvements in
cross-sectional imaging technologies and innovative ways to apply them in evaluat-
ing the bowel.

Cross-sectional imaging’s powerful objective insights into the disease process
have earned it a firm position in current diagnostic and management paradigms for
inflammatory bowel disease. Clinicians dealing with inflammatory bowel disease
recognize that cross-sectional imaging is the technique of choice for assessing
inflammation in Crohn’s disease, where transmural involvement requires more
comprehensive assessment than endoscopy can offer. Similarly, in perianal disease,
MRI enables clinicians to determine the optimal management strategy and to assess
the efficacy of therapeutic interventions.

As guest editor, I am fortunate to have received contributions from a number of
distinguished authors in inflammatory bowel disease, as well as from younger
investigators with experience in the field. I am grateful to all the authors for their
generous contributions in sharing their cutting-edge knowledge and expertise in the
different topics. I am sure that this book will become a valuable resource for radi-
ologists as well as for clinicians.

Barcelona, Spain Jordi Rimola
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The Clinical Impact of Cross-Sectional
Imaging on Crohn’s Disease
Management

Ellen M. Zimmermann

Abstract

A new era of Crohn’s disease management exists where decisions are made by
objective data as a necessary adjunct to patient symptoms. Cross-sectional imag-
ing, particularly CT enterography (CTE) and MR enterography (MRE), provides
powerful objective insights into the disease process resulting in a firm place for
cross-sectional imaging in our current diagnostic and management paradigms.
The high sensitivity and specificity of the techniques for the presence of bowel
inflammation have helped pinpoint the location and severity of disease enabling
diagnosis and facilitating assessment of symptoms. The ability to identify dis-
ease complications has helped direct medical therapy and enables more robust
presurgical assessment. Emerging data suggest that cross-sectional imaging find-
ings are sensitive to changes in inflammation resulting from our potent biologic
therapies and may be used in amazing new ways such as in predicting disease
course. Technological advances in CT and MR enterography have provided new
insights into the disease processes while enhancing patient safety and tolerabil-
ity. The goal of this chapter is to provide a gastroenterologist’s view of how
cross-sectional imaging fits our current and future management algorithm. These
remarkable technologies enable gastroenterologists and radiologists, working
together, to serve our patient population in profound ways.

E. M. Zimmermann (<)
Division of Gastroenterology, University of Florida, Gainesville, FL, USA
e-mail: ezimmer2 @ufl.edu
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1.1 Disease Pathogenesis

Crohn’s disease exists along with ulcerative colitis as the two major conditions
under the umbrella term inflammatory bowel disease (IBD). Crohn’s disease is a
chronic inflammatory disease that can affect any region of the gastrointestinal tract
with the distal ileum and the colon being the most commonly affected regions. The
natural history of Crohn’s disease is for chronic inflammation to affect the entire
thickness of the bowel wall from the mucosa at the luminal interface to the serosa.
Ulcerations, ranging from superficial aphthous ulcerations to deep serpiginous
ulcers, are pathologic hallmarks of the disease. Chronic inflammation typified by
lymphocytic infiltrates dominates the histological landscape, and the cytokines and
other factors elaborated in the process of cellular interactions contribute to the
pathologic findings [1, 2]. Inflammation triggers fibrotic pathways with TGFp,
PDGEF, and IGF-1 and other factors playing important roles [3, 4]. As the process
continues, smooth muscle in the bowel wall proliferates, and scar tissue develops
with stricturing and luminal narrowing. One of the mysteries of the disease is the
presence of skip lesions, that is, intensely inflamed regions separated by normal
bowel. Also a mystery is why some patients, particularly young patients, develop
serious Crohn’s disease in multiple locations, while other patients have isolated ileal
ulcers that may exist unrecognized for years. It is also unknown why some patients
seem to progress to complicated disease quickly, sometimes presenting with fistu-
lizing disease at the disease onset, whereas others may have silent disease for years.
The reason for the diversity of presentation is unknown but is likely immunologi-
cally and genetically determined [3, 5]. It has recently been recognized, for exam-
ple, that some of the youngest IBD patients have germ line mutations in fundamental
immune pathways. In these most vulnerable patients, IBD can coexist with other
autoimmune diseases [6].

The underlying etiology for Crohn’s disease also remains a mystery, but research
on cytokine networks and immunologic cellular interactions has provided remark-
able insights into the pathogenesis [1, 2]. Genetic studies have yielded identification
of mutations in over 200 contributory genes [5]. The first recognized gene associa-
tion and the most robust of all the recognized risk alleles is a mutation in the gene
for NOD2. NOD?2 is an intracellular protein that recognizes a specific motif, mur-
amyl dipeptide, which is a common bacterial cell wall component, peptidoglycan
(PG). PG on the bacterial surface helps direct the appropriate response to bacteria
by interacting with pattern recognition receptors on the surface of host immune cells
[6, 7]. Recognition of the importance of the host immune-bacterial interactions
opened the door for a decade of research on the microbiome that has impacted a
wide range of disease processes. Research into the microbiome has highlighted the
importance of luminal bacteria to the immune dysregulation that is observed in
Crohn’s disease [8]. At this point, our working hypothesis incorporates the microbi-
ome and immune dysregulation and is that Crohn’s disease is caused by an abnor-
mal immune response to luminal bacteria in a genetically susceptible host [1, 2].
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1.2  Symptoms and Diagnosis

Patient symptoms often reflect the disease location. For example, patients with classic
terminal ileal Crohn’s disease can initially present with abdominal pain and may have
minimal, if any, diarrhea. In these cases, first presentation may suggest irritable bowel
syndrome (IBS) rather than the more serious diagnosis, IBD. Patients with predomi-
nately colonic Crohn’s disease may have symptoms that are identical to other types of
colitis resulting from infections, medications, or other causes and expressing symp-
toms of diarrhea, bloody stools, and urgency. Patients with disease in the stomach or
upper small intestine may have serious dyspepsia mimicking peptic ulcer disease. For
patients presenting with pain and diarrhea, the severity of symptoms along with “red
flag” signs and symptoms such as blood in the stool, weight loss, anemia, and fever
and high inflammatory markers including C-reactive protein (CRP) leads the clinician
to suspect IBD. The onset of symptoms in the second or third decade of life or a fam-
ily history of IBD adds to the suspicion [1]. Extraintestinal manifestations of IBD are
immunologically driven and include spondylarthritis, erythema nodosum, pyoderma
gangrenosum, primary sclerosing cholangitis, and uveitis; the presence or history of
these conditions also suggests the diagnosis of IBD [9]. Finally, the presence of a
perianal fistula or fistula to a scar, the body wall, bladder, or vagina, even historically,
strongly suggests Crohn’s disease and strongly favors Crohn’s disease over ulcerative
colitis in those cases where IBD is likely but the type of IBD is uncertain [1, 2].

Crohn’s disease remains a disease where the diagnosis is made by a combination
of patient history, suggestive laboratory features, and findings on imaging and his-
tology, with no single diagnostic criteria confirmatory. Commonly obtained blood
tests such as CRP can be supportive, is neither sensitive nor specific enough to be
definitive. Tests that are more specific for gut inflammation include fecal calprotec-
tin or lactoferrin. These tests are also supportive rather than diagnostic and are most
sensitive for colonic inflammation. They are most commonly used once the disease
is established to determine if ongoing or worsening symptoms are indicative of
active inflammation and are used as a surrogate to avoid repeated invasive or expen-
sive testing [1, 10].

1.3  Imaging the Bowel

Imaging, either cross-sectional imaging or endoscopic imaging, has become the stan-
dard for initial diagnosis, for evaluating Crohn’s disease location and severity, and
for assessing for complications [11]. When the diagnosis is new or uncertain, the
initial test of choice for adult patients is generally colonoscopy as it is able to directly
visualize the involvement and is able to obtain biopsies from the distal ileum and the
colon for histologic analysis. The combination of typical endoscopic appearance and
histologic findings of inflammation with evidence of chronicity, in the appropriate
clinical setting, is the most reassuring to the caregiver that the diagnosis of Crohn’s
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disease is convincingly made. Cross-sectional imaging is typically performed even
when the new diagnosis of Crohn’s disease seems secure, to examine the intestine
proximal to the reach of the colonoscopy. When the diagnosis is less certain, nonin-
vasive imaging such as CTE or MRE is frequently ordered if colonoscopy is negative
and the index of suspicion remains high. For the new diagnosis of Crohn’s disease,
standard of care is such that most patients have both a colonoscopy and cross-sec-
tional imaging for a complete evaluation of the GI tract. For patients with known
disease, whether colonoscopy or cross- sectional imaging is requested depends on
the patient’s prior disease location, symptoms, prior imaging, and the questions to be
asked. CTE or MRE is particularly useful when evaluating for complications of stric-
ture, abscess, fistula, or obstruction. In patients who are too sick to take the colonos-
copy preparation or when the procedure itself is risky, enterography becomes the best
and sometimes only option for decision-making. From the GI perspective, the choice
between CTE and MRE is often made by scan availability, patient tolerance, local
radiologic expertise, and cost. In IBD centers in recent years, MRI use has eclipsed
CT utilization due to added insights provided by the multiphasic MRI sequences and
improved MRI availability and expertise [12].

Gastroenterologists have heard the message that CTE and MRE are the cross-
sectional imaging modalities of choice for imaging the small intestine. Other radio-
graphic modalities such as small bowel follow-through are largely of historical
interest and cannot match the information derived from CTE and MRE. Capsule
endoscopy is available at most centers and has some value when the index of suspi-
cion is high and other testing is unrevealing. It appears that capsule endoscopy is the
most sensitive method for assessing the small bowel [13, 14]. There are times when
identifying subtle small bowel lesions will lend insight into patient symptoms when
other imaging is negative, but most often, since therapeutics are generally not tar-
geted, the exact localization of subtle lesions does not change medical management.
In addition, unrecognized strictures can result in capsule retention which can require
surgery. The often used argument that the surgery was inevitable does not seem
patient centric and is not justified in most cases [14]. Ultrasound is promising and
may be our best test for assessing tissue fibrosis, though it is highly operator depen-
dent and not easily reproducible [15].

1.4 Imagingin the Biologic Era

The introduction of infliximab in the 1990s ushered in a new era of therapeutics.
Hope was renewed that biologics, typified by infliximab, could alter the natural his-
tory of Crohn’s disease. This is a concept that was all but abandoned with our prior
classes of drugs including steroids, mesalamine, and their relatives. In 2018, the
goal of altering the natural history of the disease and preventing the complications
of stricture and fistula formation has not been completely realized. Hospitalization
and surgical intervention rates are lower in many studies of patients on potent bio-
logics, but the fibrosis seems to march on in many cases [4]. In addition, cost, side
effects, and worry about long-term complications of the drugs can affect patient
acceptance and cause physicians to switch from therapy to therapy. Surgery remains
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Table 1.1 Therapeutic options in IBD

Medication type Example
Mesalamine Pentasa™, Asacol™, Lialda™
Steroid Prednisone, Entocort™, Uceris™
Immunomodulator Azathioprine, Methotrexate
Biologic
Anti-TNFa Infliximab (Remicade™), Adalimumab (Humira™),
Certolizumab (Cimzia™)
Anti-integrin Vedolizumab (Entyvio™)
Anti-1IL12/1L.23 Ustekinumab (Stelara™)
Small molecule
JAK Inhibitor ‘ Tofacitinib (Xeljanz™)

a reality for many patients, and recurrence rates of Crohn’s disease postoperatively
remain high [16]. It is clear that even given our promising new therapies, the disease
is a challenge for physicians and patients and remains without a cure.

Our armamentarium has greatly expanded in the past two decades, and now we
routinely use up to a dozen biologics and immunomodulators for modern IBD care
(Table 1.1). The approach to therapeutics has also changed with a more aggressive
approach using a “treat-to-target” philosophy. The most relevant target used in prac-
tice is mucosal healing [12]. Generally, this is based on colonoscopic healing, though
using improved signs of inflammation on cross-sectional imaging as a therapeutic
target is possible. Indeed, the data show that MRI may be more impactful than colo-
noscopy in determining patients’ management [17]. A comprehensive system that
incorporates structural information from several imaging sources is optimal [18].
The care of IBD patients has become multispecialty with radiologists playing an
important role. While the care of IBD patients has become more complex, the ques-
tions that clinicians need answered to make informed decisions remain the same:
where in the gut is the inflammation located, how severe is it, and are there any com-
plications such as stricture, fistula, or abscess? A common and somewhat tougher
question is whether sites of involvement and severity are consistent with the patient’s
symptoms. As technology improves and new data emerges, we are able to ask more
sophisticated questions such as how is the current therapy working and what does the
future hold for this patient? Noninvasive cross-sectional imaging holds promise to
address many of the burning clinical questions that are critical to patient care.

1.5 Communicating with Gastroenterologists

There is no substitute for face-to-face interactions between radiologists and gastro-
enterologists to review scans and discuss particularly difficult cases. While this type
of interaction may represent a bygone era, it remains the basis for a good working
relationship. In the current practice environment where in-person interactions are
less common, it is especially important that the imaging study report communicates
the key and complete information about the scan along with comparison to past
imaging. When coupled with the responsibility for identifying abnormal findings
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outside the gut and the pressures of case volume, this seems like an overwhelming
task for our radiologists. From the gastroenterologists’ perspective, the electronic
medical record and the wide availability of computers have enhanced our ability to
view scans in the clinic or the bedside and even demonstrate the findings to our
patients. The opportunity to view primary data provides caregivers insights into
disease processes that were previously only understood by surgeons in the operating
room. When caregivers take time to review the scan with the patient, it boosts the
patient’s confidence in the process and enhances the patient’s understanding of the
need for potentially toxic medications. This leads to improved medication adher-
ence and, ultimately, better control of disease symptoms.

Concern has been raised about the number of scans our Crohn’s disease patients
undergo in a disease lifetime. This was especially true during the early implementa-
tion of CT enterography when radiation dosages were high. Cumulative exposure
remains a concern even for the low radiation procedures. Procedural issues related
to patient anxiety, intolerance of oral and intravenous contrast, procedure cost, and
respect for patient time remain the reasons to avoid overtesting. Overtesting can be
the result of frequent emergency room visits or hospitalizations. Careful consider-
ation can decrease overtesting in these cases. For example, only marginal added
value is derived from a CT or MR enterography ordered immediately after a stan-
dard CT abdomen/pelvis performed in an emergency department [19]. In these
cases, the images should be assessed and individualized for specific patient circum-
stances. This is where good communication between the radiologist and caregivers
along with a careful detailed report will help educate caregivers and limit excessive
use of cross-sectional imaging.

Effective communication is key when reporting disease activity. This is particu-
larly important in reporting relative contributions of inflammation and fibrosis to an
involved segment of bowel. Certain findings on CTE and MRE such as enhancement
and mural stratification correlate extremely well with histologic and endoscopic
inflammation [20-22]. Findings that reflect tissue fibrosis are less reliable. It is often
assumed that an involved (thickened) segment without radiographic signs of inflam-
mation is fibrotic. However, it seems that inflammation and fibrosis are closely
pathologically linked such that even segments that lack radiographic signs of inflam-
mation are histologically inflamed and the best marker of histologic fibrosis is
inflammation [21]. Disease segments termed “inactive” or “fibrotic” or “chronic”
can be misleading to caregivers and patients leading patients to question the need for
continued medical therapy. This issue was addressed in the recent published joint
consensus statement by the Society of Abdominal Radiology and the American
Gastroenterological Association [23] and is an area where effective communication
of findings is critical to medical decision-making.

Given that we are rarely given the privilege of time or proximity to have meaningful
face-to-face interaction, most of the communication occurs through the order placed by
the caregiver and the radiology report. Unfortunately, the order often contains generic
requests such as “assess disease activity and evaluate for complications.” This provides
minimal information and guidance to the radiologist. Further, no standardized report-
ing rubric for CTE or MRE findings exists for CD as it does in reporting for other dis-
eases. In a retrospective study of CTE and MRE reporting of radiographic exams in the
electronic medical record, we found that findings of inflammation and serious
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complication such as fistula and abscess were communicated consistently but that find-
ings suggesting bowel fibrosis such as stricture formation were often unreported [24].
This is an important issue since the finding of a fixed stricture predicts poor patient
outcomes [25]. Therefore, it is important to communicate this information to the clini-
cian so that this finding can be considered when formulating a treatment plan.

1.6  Wish List for Future Applications

Scope technology and the performance of colonoscopy have changed only incrementally
in the last two decades. By contrast, CT and MR imaging have had paradigm-changing
advances in safety, resolution, and the ability to distinguish normal and pathologic tissue
layers. These advances, along with increased availability and expertise, have allowed
the use of CT and MR enterography to ask new questions about disease management.
We now know that MRE is sensitive to changes in inflammation that occur with bio-
logic therapy allowing the use of MRE as a biomarker in clinical trials of new thera-
pies [26]. We also know that findings of enterography can be used to predict disease
outcomes, forcing us all to think beyond the static findings at a single point in time
[25, 27]. It is anticipated that the ability to predict disease course will be the imaging
frontier for care of IBD patients. To make this possible, new sequences aimed at better
characterizing of tissue fibrosis, the pathologic consequence of inflammation that
leads to complications such as stricture and fistula formation, are needed. The relative
contribution of inflammation vs. fibrosis in an involved segment is clinically impor-
tant as it informs the decision as to medical vs. surgical therapy. MRI sequences such
as the cine sequences [28] and magnetization transfer [29] are being explored for bet-
ter assessment of tissue fibrosis and are evidence of the increased power of MRI over
CT for providing disease-relevant information beyond location and severity of inflam-
mation. Co-registration of voxels over time in a single exam to account for bowel
motion, and between exams to assess disease course, is a new horizon. Using registra-
tion to combine different modalities has potential in the gut as it does in the brain and
the heart. The future offers endless possibilities for this powerful technology. The full
potential can be realized when clinicians, radiologists, and MR physicists work
together to solve burning clinical problems.

1.7 Conclusion

Cross-sectional imaging in Crohn’s disease has greatly improved our understanding
of the pathophysiology of the disease. It has a proven role in diagnosing Crohn’s
disease, in assessing symptoms, and in identifying disease complications. Emerging
data support the ability of cross- sectional imaging to predict future disease compli-
cations. Modern care of patients with Crohn’s disease requires a multidisciplinary
team approach. Cross talk between gastroenterologists and radiologists has resulted
in improved interpretation and reporting and expanded utilization of imaging find-
ings in patient care. Cross-sectional imaging impacts modern Crohn’s disease man-
agement strategies in profound ways, and radiologists have a critical role on the
multidisciplinary care team.
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Abstract

Objective measurement of disease activity in inflammatory bowel disease (IBD)
is important to guide targeted therapy. Noninvasive approaches are gaining clini-
cal traction given patient preference and need for cost containment. Ultrasound
of the large and small bowel is increasingly recognized as an accurate, non-
radiation-based, cost-effective modality useful in both diagnosis and follow-up
in IBD. Intestinal ultrasound (IUS) is easily repeated, allowing for serial assess-
ment to evaluate response to therapy, post-operative course and evolution of
complications, particularly in Crohn’s disease. Mounting evidence suggesting
sonographic response accurately reflects therapeutic efficacy and thus may pro-
vide useful insight regarding clinical outcome. It exhibits similar performance in
the detection of inflammation associated with Crohn’s disease to both computed
tomography (CT) and magnetic resonance (MR). Intestinal US may also provide
a noninvasive surrogate to ileocolonoscopy, accurately depicting disease activity
and mucosal healing, with better illustration of luminal and extra-luminal disease
and complications. Intestinal US may also play a role in depicting the activity,
extent of disease as well as risk of surgery in ulcerative colitis. The application
of IUS is particularly useful in children with IBD, where risks of radiation are
important, while there is a need for anaesthesia for endoscopic examination. To
date, however, IUS has remained somewhat underutilized globally, given per-
ceived limitations in inter-rater variability, standardized assessment and ana-
tomic resolution. This however is starting to change: the use of IUS has moved
beyond the limited domain of diagnostic imaging specialists and radiologists as
it is incorporated into routine clinical assessment at the bedside and now being
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performed by non-radiologist gastroenterologists. Here, the benefits to patients
go well beyond safety, with immediate clinical impact, facilitated through objec-
tively informed clinical decision-making and better patient education and
engagement, allowing for optimal patient participation and partnership in the
clinical management of this complex, chronic disease.

2.1 Introduction

Intestinal ultrasound (IUS) is a useful alternate to existing modalities available for
luminal and cross-sectional evaluation of the small and large bowel in inflamma-
tory bowel disease (IBD) since it was first used in Crohn’s disease (CD) just over
35 years ago [1]. Imaging is fundamental to evaluation at the outset as part of diag-
nosis and in the follow-up of IBD [2]. Objective markers of disease have become
part of standard monitoring algorithms, given recognized disconnect between dis-
ease activity and symptoms [3, 4]. However, patient preference, safety and cost are
increasingly recognized as important drivers in monitoring choice, with noninvasive
options given priority. Therefore, the application of IUS in IBD is gaining momen-
tum, with an expanding array of indications, ranging from diagnosis and assessment
of early response to therapy to post-operative surveillance and assessment of peri-
anal disease in CD. Enhanced image resolution related to improving technology,
including use of higher-frequency probes, harmonic imaging and better imaging of
low blood flow vasculature with colour Doppler, further enables wider adoption.

Although extant evidence suggests IUS accuracy rivals either traditional imaging
modality, namely, computed tomography with enterography (CT/CTE) and mag-
netic resonance enterography (MRE), IUS has remained underutilized [5]. Similar
to MRE, a salient benefit of IUS is safety, given the absence of ionizing radiation,
useful even during pregnancy. Preparation is also minimal, while the significant
value of IUS also uniquely rests in the capacity to perform an assessment while
engaging the patient directly, unlike with CT or MR. This patient interaction with
IUS enables education and empowerment regarding findings of disease activity,
inactivity and stability, with opportunity for explication for the continuation, com-
mencement or cessation of potentially impactful, costly medical therapy.

In addition to the advantages related to patient tolerance and engagement, [US
can provide information beyond that generated from more traditional methods of
disease assessment. From a technical viewpoint, IUS is unique in the real-time
ability to assess bowel function concurrently with structure. Unlike endoscopic
assessment, assessment for transmural complications, such as the development of
fistulas or abscesses, can occur concurrently with that of luminal disease activity.
Accompanying techniques to standard IUS such as contrast enhancement and elas-
tography show promise for improved, safe characterization of fibrosis and compli-
cations. Such techniques include the use of contrast, via oral or intravenous (IV)
administration, as well as the use of elastography. The latter will be explored in
further detail in subsequent chapters (Chaps. 4 and 8).

The use of both basic IUS in addition to the aforementioned techniques have
enabled consideration of the development of objective scoring systems for disease
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activity, mirroring similar endeavours in endoscopic and other imaging fields (Chap.
10). Incorporation of such scoring systems into standardized IUS reports will fur-
ther contribute to reproducibility, minimization of observer variation and the ability
to accurately monitor disease progression with IUS, all of which are desired fea-
tures of any disease activity assessment tool in CD, particularly in the era of treat to
target. Despite the many strengths of IUS in the assessment of CD, potential limita-
tions demand discussion. This chapter will outline existing evidence supporting the
accuracy of IUS, its contribution in the assessment of IBD as well as summarizing
the technical aspects of performing and reporting [US.

2.2 Intestinal Ultrasound Compared to Other Modalities
for the Diagnosis and Monitoring of Inflammatory
Bowel Disease

With the developing momentum of US in the field of CD, parameters of activity
have been studied individually and in combination, to assess correlation with other
indicators of disease activity. Adjunctive techniques to standard IUS can enhance
accuracy, including the use of contrast, both oral and intravenous administration, as
well as the use of elastography (explored in further detail in Chaps. 4 and 8).

2.2.1 Crohn’s Disease

2.2.1.1 Diagnosis of Crohn'’s Disease

Intestinal US has consistently demonstrated comparable accuracy to other imag-
ing modalities such as CTE and MRE for the diagnosis of CD, with a sensitivity
and specificity ranging between 75 and 100% [5, 6]. Diagnosis is based largely
on bowel wall thickness [7]. Intestinal US has documented superior diagnostic
capacity for disease located in the ileum and sigmoid and descending colon and
more so when compared to that located in the rectum, duodenum and proximal
jejunum [7-9]. Similarly, IUS consistently accurately identifies disease activity in
the context of established disease, when compared to endoscopy or alternate cross-
sectional imaging [7]. Similar to alternate imaging modalities, the accuracy of IUS
for the assessment of the extent of disease does vary in the reported literature. Small
intestinal contrast enhancement, through ingestion of oral iso-osmolar contrast, has
been reported to increase the accuracy of IUS, with reported improved detection of
proximal small bowel lesions, complications and extent of disease [7, 10].

2.2.1.2 Response to Therapy

Historically, endpoints in both clinical trials and clinical practice focused prin-
cipally on the reporting of symptoms by patients; however, it is well recognized
such measures are inadequate in accurately reflecting disease activity [11].
Accordingly, therapeutic targets have evolved beyond symptomatic remission to
include measures of mucosal healing. Currently, ileocolonoscopy is the gold stan-
dard for assessment of mucosal healing; however, it is not amendable to serial
evaluation, nor is it able to assess transmural healing. Alternatively, IUS can be
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repeated in short intervals allowing for early and frequent monitoring of thera-
peutic response, with the important benefit of being well tolerated. Additionally,
IUS can accurately assess transmural inflammation, as an excellent surrogate for
endoscopic healing with high correlation in the terminal ileum and in the colon
[12]. Longer-term follow-up by both IUS and MR similarly demonstrates com-
plete transmural healing in those with moderate to severe CD, less than may be
expected based on symptom profile and clinical remission rates [13—15]. The sig-
nificance of transmural healing and its role in predicting outcome however is not
yet completely understood.

Early detection of non-response or loss of response to therapy may allow for
optimal therapeutic management and enhanced long-term outcomes. In paediat-
rics, response to antitumour necrosis factor (anti-TNF) occurs as early as 2 weeks,
with close correlation to faecal calprotectin (fCP) [16]. Moreover, demonstration of
early response to therapy with IUS has been shown to predict response on IUS at
12 months and improve outcome [13, 17]. Radiologic response is an important pre-
dictor of outcome: even partial response as seen on cross-sectional imaging is associ-
ated with improved long-term outcomes such as need for corticosteroids, surgery and
hospitalization [18].

2.2.1.3 Detection of Complications

Intestinal US is accurate in the detection of IBD-related complications such as stric-
tures, enteric fistulae and abscesses. In multiple studies, IUS has a pooled sensitiv-
ity for detecting strictures of 79% (95% CI 71-84%) and specificity of 92% (95%
CI 87-96%) when compared to surgical specimens. Intestinal US has a compa-
rable accuracy to CT and MR for the detection of strictures [19]. Assessment of the
degree of inflammation or fibrosis in strictures can be enhanced with the addition
of contrast, enabling an important differentiation when therapeutic decisions are
being made. Similarly, IUS has a pooled sensitivity for detecting enteric fistulae of
74% (95% CI 67-79%) and specificity of 95% (95% CI 91-97%) when compared
to surgical specimens, while the addition of contrast can be used to assess fistula
tracts. Intestinal US has a pooled sensitivity for detecting abscesses of 84% and a
specificity of 93% when compared to surgery. Furthermore, contrast enhanced US,
although extant data is limited, has been shown to be highly accurate (accuracy
of 97.2%) when compared to either alternate imaging or gross pathology in the
differentiation of inflammatory phlegmons from intra-abdominal abscesses [20].
Additionally, IUS is able to assess structural bowel damage with accuracy compa-
rable to MRE. In CD, bowel damage can be quantified using the sonographic lesion
index for Crohn’s disease (SLIC) [21].

2.2.1.4 Evaluation of Post-Operative Recurrence

Traditional methods of monitoring patients post-operatively include symptoms,
serologic measurement of C-reactive protein (CRP), f{CP and endoscopic activity.
Intestinal US can provide a greater depth of information, including the extent of dis-
ease or presence of post-operative complications with equal or greater accuracy when
compared to these methods [22]. While ileocolonoscopy remains the gold standard
for post-operative monitoring, IUS has also been shown to be an accurate modality for
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diagnosing post-operative recurrence, with post-operative IUS findings being closely
correlated to findings from ileocolonoscopy [22-24] (Fig. 2.1). Intestinal US is also
useful for serial monitoring for recurrence of disease in patients who have undergone

Fig.2.1 This image Abd Bowel TIS0.2 MI13
depicts a 76 year old man, co

with emergent ileocolic
resection 6 months prior,
with ongoing significant
diarrhoea and recurrence
of the ileal side of the
anastomosis. (a)
Demonstrates the
neoterminal ileum,
emanating off of the
side-to-side anastomosis
on the superior margin. In
(b), the blind end of the
ileal side of the side-to-

side anastomosis, with
regular hyperechoic staples
seen on the border with the Abd Bowel TIS0.2 MI13
fluid-filled colon. In (c¢), €9-2

47Hz

the colon is fluid filled,
with staples seen on the
medial side, joining the
blind-ended ileum
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intestinal resection, with the benefit of negating the need for multiple endoscopies.
Future studies are needed to correlate fCP and IUS in the post-operative period, which
may further increase the sensitivity of fCP for even more effective noninvasive detec-
tion of recurrence.

2.2.1.5 Evaluation of Perianal Disease

Pelvic MRI is the gold standard test for imaging perianal CD, but cost and availabil-
ity may limit accessibility for assessment, particularly when urgent drainage is the
primary concern. Transperineal US is a viable alternative that is accurate compared
to MRI in the detection for both perianal lesions and complications such as fistulae
and abscesses (see Chap. 9), readily available and easily repeated during the clinical
assessment [25, 26].

2.2.1.6 Intestinal Ultrasound in Paediatrics

The prevalence of paediatric-onset IBD is increasing [27]. Objective monitoring of
disease activity is particularly important to avoid the negative impact on growth and
development. Computed tomography should be avoided if possible, given increased
potential detriment from radiation exposure [28]. Monitoring with endoscopy is lim-
ited given the need for anaesthesia; in addition, young children often require anaes-
thesia for MRE, a modality with lengthy acquisition time, potentially lying prone
while requiring breath holding, which is challenging for young children. Similar to
adults, dedicated small bowel imaging is recommended for all children at diagnosis
of IBD, in addition to ileocolonoscopy [29]. Magnetic resonance imaging is consid-
ered gold standard for imaging children with IBD, with the above noted limitation;
thus not surprisingly, the use of IUS within the paediatric population is gaining
momentum [30]. Intestinal US has been demonstrated to have a similar sensitivity
and specificity as MRI when both were compared with the endoscopy for the diag-
nosis of IBD in paediatric patients for whom there was clinical suspicion; however,
support from additional well-designed US trials to demonstrate utility is important
[31]. Bowel wall thickness and complications (stricture, fistulae, abscesses) exhibit
the greatest agreement when comparing readers. Early sonographic response in
paediatrics including reduction in the length of disease, bowel wall thickness, mes-
enteric fat and colour Doppler signal of the wall and mesentery in response to anti-
TNF therapy has been documented as early as 2 weeks [16]. Demonstration of a
strong correlation of IUS activity with fCP following therapy was also documented
[16]. Nonetheless, given potential limitations with IUS in detection of rectal and
proximal small disease, it is recommended by the ESPGHAN revised Porto criteria
for the diagnosis of IBD in children that in the preliminary diagnostic workup of
paediatric patients with suspected IBD, IUS should be complemented by more sen-
sitive imaging of the small bowel such as MRE [29, 32].

2.2.2 Ultrasound in Ulcerative Colitis

Given the safety, tolerability and opportunity for accessible serial monitoring in CD,
the applicability of IUS has also been considered in ulcerative colitis (UC). One may
assume IUS to be inadequate given pathological changes of UC characteristically
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being limited to the mucosa; however, on the contrary, IUS has been shown to have
reasonable capacity to provide information surrounding both the degree of active
and chronic inflammation in the left and right colon. This is of particular impor-
tance in attempts to distinguish UC from CD and indeterminate colitis [33, 34]. It is
acknowledged however that consistent, satisfactory rectal viewing is limited.

The primary role of endoscopic assessment in establishing the initial diagnosis of
UC is established; however, IUS could be of benefit in scenarios where endoscopic
evaluation is not possible, including the potential for establishing disease extent
beyond the rectum in acute severe UC. Another useful role for IUS is for monitoring
of disease activity and assessment of response to therapy. It may also contribute to
characterizing some of the chronic changes associated with poorly controlled, fibrotic
disease including loss of haustra and the increased hyperechoic submucosal layer
(the “lead pipe” endoscopic appearance), with decreased intramural vascularity as
seen with Doppler [35, 36]. Intestinal US exhibits high concordance (weighted kappa
between 0.76 and 0.9) between repetitive endoscopic and sonographic assessments
when reported in 74 patients with UC over a 15-month period [37]. Furthermore,
it may be predictive: both endoscopic and IUS scores at 3 months were found to be
associated with a high likelihood of endoscopic activity at 15 months. Intestinal US
is a complement to endoscopic assessment in UC, adding value given the ease of this
cross-sectional imaging addition (Fig. 2.2).

2.2.3 Summary

Mounting evidence, easy repeatability and cost-effectiveness argue for increasing
use of [US to objectively evaluate the small and large bowel in IBD, for both children
and adults. The greatest likely application of IUS is in follow-up, to characterize
response to therapy and monitoring of complications as a complement to baseline
MRE and endoscopy where possible. Where it can be applied in the clinic setting,
IUS provides a tool to help clinicians make accurate decisions as well as engage
patients and family members through demonstrations aimed to improve understand-
ing of disease and facilitate optimal medical management.

2.3 Basic Ultrasound Principles and Intestinal Ultrasound
Technique

2.3.1 Scanning Technique and Approach

Reflection of acoustic energy between interfaces is the underlying premise for all
applications of US, including the bowel. The amplitude of such reflected energy
is used to generate US images with increasing computational capacity. Acoustic
energy is transmitted via a range of transducers differing in their arrays, including
linear, curved, phased or annular arrays, and in their frequency. Linear transducers
are arranged in a linear fashion, with a resultant rectangular image, while convex
curves produce a pie-shaped image. Transducer selection is key to optimal imaging,
largely dictated by the desired depth of penetration, where the highest US frequency



18

A.-J. Greenup and K. L. Novak

Fig.2.2 A 28-year-old
man diagnosed with
extensive ulcerative colitis
diagnosed in 2011 and lost
to follow-up returns to care
with increasing symptoms.
In (a), note is made in the
longitudinal image
(oblique orientation) of the
sigmoid colon,
highlighting loss of normal
folding and haustra, with
increased echogenic
submucosal layer (thin
arrow). In (b), the same
region, the sigmoid colon,
in axial orientation
documenting increased Abd Bowel
wall thickness, C
preservation of wall layers,
and minimal surrounding
mesenteric fat. In (c),
flexible sigmoidoscopy
was performed on the same
day, confirming moderately
severe (Mayo score 2)
ulcerative colitis
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is permitting minimal penetration but high resolution. For deeper structures, fre-
quencies as low as 1.0-5.0 MHz may be required, commonly used in a general
abdominal examination; more superficial structures like bowel are better visualized
using imaging frequencies of 2.0-4.0 MHz to 12 MHz depending on the thickness
of abdominal wall [38].

Before a comprehensive IUS assessment, review of all prior endoscopic, other
cross-sectional imaging and IUS reports is helpful, particularly where prior surgery
or known anatomical variation is relevant. With the patient in a supine position, an
initial IUS assessment best comprises an initial overview of the abdomen using a
transducer most suitable for the patient’s body habitus. A low-frequency convex
probe (1.0-5 MHz) is ideal for heavy patients, while a 2—4 to 9 MHz curved trans-
ducer is ideal for most patients. The deeper pelvic structures, including the rectum,
are similarly best viewed with this lower-frequency probe. Further detailed char-
acterization, once the anatomic location is well recognized, is ideally undertaken
with a high-frequency linear array transducer (4—13 MHz), particularly where the
abdominal wall is thin.

There is variability in the approach used amongst experts to assess the small and
large bowel; however, for many, following a pathway mirroring assessment during
colonoscopy is useful (distal to proximal). In such an instance, colonic examina-
tion can be initiated with the low-frequency probe being first placed over the rec-
tum while using the bladder as an acoustic window, with images in both sagittal
and transverse orientations. Following identification of the rectum, there is then a
change to the higher-frequency probe (2-9 MHz). The large intestine is recognized
by its haustra, larger size and relatively fixed location in the descending colon and
hepatic flexure in the ascending colon. The sigmoid colon can then be identified and
traced around to the descending colon, moving proximally to the transverse colon.
The caecum is visualized as a blind-ending sac with an appendix if not resected and
ileocecal valve. Ease of identifying the sigmoid colon is facilitated by delineating
the psoas muscle and iliac vessels in the left lower quadrant, used as guide, with
fanning cranially. It is important to note that the ascending and descending colon
are generally located dorsolaterally on the right and left, respectively, whereas the
transverse and sigmoid colon can have a more variable position due to its mesen-
tery. Given the superior location of flexures, visualization of the hepatic and splenic
flexures can be improved with inspiration and breath holding. Compression with
the transducer and repositioning of the patient are integral components of identify-
ing bowel as with standard US examinations. It is important to evaluate the medial
and lateral aspects of the colon, to ensure characterization of extra-luminal features
of disease. Consistent, standardized documentation of each section of the colon is
important, including images in both sagittal/oblique, to ensure good longitudinal
depiction, transverse and axial, as well as images with colour Doppler and bowel
wall thickness measurement, clearly demarcating where in the abdomen the images
were obtained.

An alternative approach is to begin the assessment in the right iliac fossa.
Similarly, here the right psoas muscle and iliac vessels are landmarks used to iden-
tify the terminal ileum, which is generally the first bowel loop crossing from medial
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to lateral. The terminal ileum can be followed to the ileocecal valve and caecum;
however, it can be deep emanating caudally from a low-lying caecum and ileoce-
cal valve, important not to miss. The identification of the appendix, although chal-
lenging when normal, may also be possible often at the deep/caudal margin of the
caecum, important to view in transverse and sagittal plane, with documentation of
the blind end. It is usually 5-9 cm in length, arising from the dorsomedial wall of
the caecum, a few centimetres from the ileocecal valve with variable orientation—
retrocaecal, medial, anterior or posterior to the terminal ileum [39]. The ascending
colon should be traced towards the hepatic flexure, with subsequent continuation
along the transverse colon towards the descending, sigmoid colon and rectum.

The stomach wall with its rugae can be identified within the mid-epigastrium or left
upper quadrant, often just lateral to the left lobe of the liver and requires differentiation
from lower gastrointestinal structures (colon) by its three distinct layers on US [40].

The small bowel can be assessed commencing with the terminal ileum or neo-
terminal ileum in post-operative state, subsequently tracing it as proximally as pos-
sible. Mapping of the small bowel in its entirety is difficult; therefore, ensuring a
systematic approach is important, such as scanning the abdomen in parallel overlap-
ping “lanes” [38]. Sweeps of the bowel and images of the bowel in long and short
axis to ensure continuity are captured for review. The small bowel is characterized
by valvulae conniventes when the lumen is fluid filled and active peristalsis that is
not seen with the colon. Proximal small bowel tends to have longer conniventes;
however, transition from jejunum to ileum is subjectively estimated with jejunal
loops commonly present in the left upper quadrant.

Bowel preparation is considered optional, while prior fasting for 4-6 h may
improve potential limitations associated by excessive bowel gas, although luminal
air can provide contrast that may improve identification and characterization, such
as colonic assessment, with a characteristic stool and air pattern (Fig. 2.3) [41]. It is
also worth noting that the proximity to a recent meal will influence splanchnic blood
flow, as will preceding physical activity. Contrary to protocols for CTE and MRE, the
use of antispasmodics is not recommended in the performance of bowel ultrasound,
and indeed the observation of motility is an important contributor to assess disease
activity and altered motility associated with complications such as stricture [41].

The use of colour or power Doppler enables detection of blood flow which is
best optimized to detect low flow within the smaller vessels of the intestinal wall
[38]. Settings vary, but the lowest velocity scale combined with maximum sensitiv-
ity with avoidance of “noise” or artefact is ideal to isolate the signal to the surround
mesentery and bowel wall. Colour Doppler signal then can provide a semi-quali-
tative measurement of active inflammation rated from O = no detection; 1 = very
little flow, seen as fewer than two colour signals in a square centimetre; 2 = moder-
ate; and 3= abundant flow within the region of interest [42]. Signals should persist
within the wall or mesentery consistently, unlike movement artefact. There are a
few possible explanations for a false-negative signal, including deep-lying loop or
increased abdominal wall adiposity. If a high index of suspicion exists for activity,
intravenous contrast enhancement may definitively clarify and quantify the pres-
ence of blood flow.



2 Bowel Ultrasound Imaging, Protocol and Findings 21

Fig. 2.3 Bowel evaluation beginning in the left lower quadrant, using curved 9-2 MHz probe,
with longitudinal depiction of a normal sigmoid colon, characterized by thin (<2.0 mm) bowel wall
and normal echostratification, with evidence of normal folds and haustra. The echogenic margin of
the wall demonstrates air-containing stool. (b) Transverse image of the transverse colon, demon-
strating normal haustral folds and stool pattern

2.4 Sonographic Features of Normal Bowel
and Inflammatory Activity

The fundamental components to bowel assessment include the length of the affected
bowel, wall thickness and echostratification (preservation/loss of normal layers), in
addition to the assessment of surrounding mesenteric lymph nodes and fat (Fig. 2.4).
Additional features of interest include findings suggestive of impending or present
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Fig.2.4 A 33-year-old
mother of two healthy
children, with long-
standing chronic ulcerative
colitis on an anti-TNF
biosimilar presented to
clinic with severe
abdominal pain, abdominal
distention, and 2-week
history of fever. She was
found to have a perforated
appendix. (a)
Demonstrates abundant,
large reactive lymph nodes
in the right lower quadrant,
while (b) highlights the
“halo” of inflammatory fat
(arrow) that surrounds the
tip of the appendix that has
a probably pus-filled
collection on its inferior
edge

TIS0.3 MI1.3

perforation, namely, spiculation of the serosal aspect of the bowel wall, or that of abscess
formation. Finally, as aforementioned, peristaltic activity provides further insight into
the health of the examined bowel, best captured as video clips length 15-25 s.

2.4.1 Bowel Wall Stratification

Five layers of the bowel wall may be appreciated sonographically given alternat-
ing echogenic (bright) and hypoechoic (dark) characteristics of the corresponding
histologic layers, moving in the luminal to serosal direction in alternating echogenic
and hypoechoic layers: mucosa (Layer 1), hypoechoic muscularis mucosa (Layer
2), echogenic submucosa (Layer 3), hypoechoic muscularis propria (Layer 4) and
serosa interface (Layer 5) (Fig. 2.5). Such a correlation differs slightly when focus-
ing on the dorsal wall, while this aspect is not always easily visualized due to air in
the lumen, and hence it is recommended that measurements are made in the anterior
bowel wall [38]. For practical purposes, three layers are visualized consistently,
Layers 2—4 (dark or hypoechoic, light/hyperechoic and then dark). Loss of bowel



2 Bowel Ultrasound Imaging, Protocol and Findings 23

Fig. 2.5 (a) A demonstrates echostratification, in a thickened terminal ileum draping over the
psoas muscle. The iliac artery is evident medial to the psoas muscle. There are three commonly
visible layers on intestinal ultrasound, demonstrated here from the exterior of bowel wall to the
interior: the hypoechoic muscularis propria, the most prominent muscle layer; the hyperechoic
submucosal layer (often the most prominent layer, expanded in chronic disease states); the inner
hypoechoic demonstrates the muscularis mucosae, the dark line evident just below the hyperechoic
mucosa which is often bight with luminal air. Returning to the outer layer again, the serosa, can be
seen as a very thin hyperechoic reflection on the margin of the muscularis propria. (b) Axial depic-
tion of terminal ileum, demonstrating normal wall layers or echostratifcation, again from lumen to
serosa including the muscularis mucosae, submucosa and muscularis propria, characterizing three
typical wall layers consistently seen on ultrasound

wall stratification can be indicative of more significant active inflammation, oedema
and even wall destruction (e.g. neoplastic process), while in chronic, inactive dis-
ease, the stratification, particularly the submucosa, can be enhanced.

2.4.2 Bowel Wall Thickness

Normal small and large bowel wall thickness, not including the duodenum or rectum,
is <2 mm; however, the threshold for pathology is higher, <3—4 mm and >4 mm,
respectively [38]. High interobserver agreement exists, particularly when standard-
ized parameters are defined [43]. For example, consistency with transducer compres-
sion is recommended as bowel wall thickness can reduce with greater compression
in healthy bowel, while it can also limit the ability to distinguish wall stratification.
However, thickened and obstructed abnormal intestine with CD will not be compress-
ible and visually remain unchanged. It is recommended that bowel wall thickness is
best measured perpendicular to the wall from the interface between the serosa and
muscularis propria to the interface between the mucosa and lumen [38] (Fig. 2.6).

2.4.3 Bowel Stricture and Dilation

Stricture is one of the most common complications of CD [44]. The sonographic
definition of stricture varies [45]. Generally, consideration of both the wall and
luminal function is important: stricturing of the wall is characterized by increased
thickening (>4 mm), stiffness with compression, lack of affected wall motility com-
bined with luminal narrowing and wall apposition (Fig. 2.7) [45]. Echostratification
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Fig.2.6 A 36-year-old
woman with moderate
terminal ileal Crohn’s
disease, assessment of
activity in transverse
orientation, right lower
quadrant, with
measurement of the bowel
wall (a) demonstrating
increase thickening at

6.1 mm, maintenance of
normal echostratification, [ - D1 0.61 cm
with moderate

(Lindberg 3) blood flow as
demonstrated by colour
Doppler signal (b)

may or may not be disrupted. The consequent proximal motility may be variable,
with immediate proximal dilatation or absence, with associated abnormal or dys-
functional peristalsis (nonpropulsive) and/or luminal content stasis and swirling of
bowel contents attempting to traverse the stricture, accompanied by increased peri-
stalsis. Proximal loops are also important to evaluate, as upstream dilatation and
abnormal peristalsis may also exist. The concurrent pre-stenotic dilation is impor-
tant to characterize, as well as proximal dilatation defined as >25-30 mm in diam-
eter, and can be underestimated during fasting [46].

2.4.4 Surrounding Mesenteric Structures

The detection of mesenteric fibrofatty proliferation is indicative of active inflamma-
tion and is characterized by a hyperechoic halo-like or “creeping fat” appearance
surrounding the involved bowel segment. This creates an echogenic “window” for
the affected loop of the bowel. Inflammatory fat can also separate adjacent bowel
loops. Pathologic features include mesenteric fat that extends over at least half of
the circumference of the bowel loops or thickening to at least 5 mm or consis-
tently greater than normal bowel wall thickness [7] (Fig. 2.4). While the presence



2 Bowel Ultrasound Imaging, Protocol and Findings

Fig. 2.7 A 56-year-old
man presented with
vomiting and severe
abdominal pain, known
long-standing ileal
Crohn’s disease, not
currently treated as
declined, in part because
he had had infrequent,
minimal symptoms.
Intestinal ultrasound
confirmed clinical
suspicion of obstruction,
with stricture (a) with
proximal small bowel
dilatation, dilated small
bowel loops in the left
upper quadrant (b) and the BOWEL 1
proximal terminal ileum
exhibiting a “stool-like
pattern” or small bowel
faecalization (c¢)

+ Dist 2.83ecm
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of mesenteric lymphadenopathy can be associated with active disease, it is not a
specific finding and may be a normal finding under 1 cm in the longitudinal axis.
However, abundant, large lymph nodes can signify disease activity and should be
carefully interrogated, with measurement in both long and short axis. Free fluid can
be yet another ultrasonographic marker of more severe disease activity, a conse-
quence of bowel wall oedema due to vascular and lymphatic obstruction.

2.4.5 Extra-Luminal Complications

Penetrating complications with CD are common as it is a transmural disease.
Microperforations may be seen as spiculations along the serosal surface, which may sub-
sequently develop into inflammatory masses/phlegmons or fistulae. Sonographically, a
fistula is defined as a hypoechoic tract, with or without hyperechoic content, communi-
cating between two intestinal loops or between an intestinal loop and another structure
(Fig. 2.8). Gas bubbles may be seen within these tracts.

An overt perforation often leads to an abscess or a phlegmon. Abscesses are col-
lections of pus encased in a circular wall, while phlegmons are poorly organized
inflammatory masses with no obvious wall or fluid (Fig. 2.9). Phlegmons often have
hyperaemia on Doppler imaging, while abscesses do not.

2.4.6 Perianal Crohn’s Disease

Transperineal US of the anal canal may be valuable to assess perianal inflammation.
To scan the anal canal in women, the probe is placed between the perineum and the
introitus, and conversely in men, the probe is placed between the scrotum and anal
canal. Fistulas, abscesses or perianal pain may be assessed with these techniques. In
women, the use of endovaginal US may also be of benefit to examine perianal CD
but also the rectosigmoid colon and segments of the terminal ileum found deep in
the true pelvis. However, transperineal scans are limited due to patient discomfort
often at the site of an open cutaneous fistula. Pelvic MRI remained the preferred test
for imaging perianal CD (Chap. 9).

2.5 Contrast-Enhanced Ultrasound

Contrast-enhanced US (CEUS) involves the administration of intravenous contrast
agents to dynamically evaluate the vascularity and perfusion of an organ such as
the bowel [47]. Contrast-enhanced US to characterize the bowel is not routinely
used, rather it remains adjunctive in some expert centres in Europe; moreover, it
is currently not approved for use in the bowel in North America, and use is there-
fore limited. Off-label use for examination of the bowel has been approved at our
centre in Canada. Contrast agents, such as Definity® and Sonovue®, consisting of
lipid-coated microspheres containing microbubbles of perfluorocarbon or sulphur



2 Bowel Ultrasound Imaging, Protocol and Findings 27

Fig. 2.8 Image from a 32-year-old male, with complex small bowel Crohn’s disease, investigated
given urinary tract symptoms. Transverse image with curvilinear 9-2 MHz probe, identifying pen-
etrating terminal ileal complication, a fistula involving the sigmoid colon with air within the
hypoechoic track. This is a complex image, with limited interpretative capacity in a single still
image. This highlights the importance of both contribution from movie clips to better delineate
anatomy, as well as the improved anatomic resolution provided by either CT or MR. (b) Illustrates
a fistula to the appendix in a 27-year-old male with new diagnosis of ileal Crohn’s disease. Note is
made of loss of normal wall pattern in the distal terminal ileum, highlighting loss of
echostratification

hexafluoride, respectively. Given the mean diameter of 1.1-3.3 pm, such micro-
spheres can pass through the pulmonary vasculature to the systemic circulation,
where it remains, unlike the interstitial extravasation of CT or MR contrast. The
bubbles oscillate in response to US exposure; thus bubbles emit a distinct echo from
surrounding tissue or vessel, which is then quantifiable, enabling perfusion level
blood flow to be assessed via peak enhancement. Assessment can occur by several
different methods, in either qualitative or quantitative forms. Additional parameters
of assessment include the pattern of enhancement, the peak intensity of enhance-
ment and the change in intensity over time [47].
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Fig. 2.9 Interloop abscess
is highly suspected, with
hyperechoic reflections
consistent with air,
surrounded by a large
anechoic region, with
feeding hypoechoic strands
suspicious for fistulae. This
patient was scanned in
clinic, without access to
further immediate
cross-sectional imaging, so
antibiotics were initiated.
Further evaluation with
contrast enhancement ABSCESS
would be helpful to assess
the size and potential for
drainable fluid. Referral to
surgery was undertaken
given the failure of medical
management

Roles of CEUS include characterization of bowel wall thickening with differen-
tiation between fibrotic and inflammatory processes, as well as providing a tool to
grade disease activity [48, 49]. Furthermore, CEUS can assist in assessment when
there is suspicion for an abscess, by providing the ability to differentiate between
vascular and avascular tissue and hence enabling differentiation of a phlegmon from
an abscess [20]. A fourth indication is that of confirming and following the route
of a fistula [8]. Intravenous contrast agents have an excellent safety profile, given
excretion occurs through pulmonary and hepatic mechanisms; thus, use is possible
in patients with renal impairment. Current evidence to support wider use of CEUS
to characterize inflammation and fibrosis of the bowel is growing, with increasing
evidence to support a promising quantifiable adjunct to grey scale [50].

2.5.1 Oral Contrast

Despite multiple oral contrast agents being described, there has been no clear evi-
dence of one being superior to another, while the recommended volume and time
of ingestion also remain undefined [3]. Colonic visualization can be enhanced
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with instillation of water, referred to as hydrocolonic ultrasound, or with oral
administration of a hyperosmotic solution. The small bowel lumen however does
not uniformly distend with the use of water and hyper-/hypo osmotic solutions, as
water and hypo-osmolar solutions containing digestible or absorbable solutes are
absorbed rapidly in the proximal small bowel, while hyperosmolar solutions with
indigestible solutes delay gastric emptying and stimulate peristaltic activity [4].
Use of an iso-osmolar solution, in the form of a small quantity (ranging from 125
to 800 mL; usually 375 mL, dissolved in 250 mL of water) of polyethylene glycol
(PEG), can facilitate what is regarded as small intestine contrast US (SICUS) [51].
The relatively constant gastric empting rate and subsequent retention of water in
the lumen enables gradual distension throughout the small bowel [4]. Generally
within 30 min, the PEG solution will have reached the terminal ileum. Extant evi-
dence suggests improved detection of proximal small bowel lesions and complica-
tions [51-53].

2.6 Elastography

Elastography is a novel technique in IUS to assess the biomechanical elastic
properties of bowel, particularly in CD where inflammation and fibrosis coexist.
Quantifying the amount of fibrosis in an area of intestinal narrowing would allow
management to be optimized in the form of surgical or immunosuppressant therapy.
Two forms of elastography, shear wave and strain elastography, have been described
in the literature. Measurements of bowel stiffness with both modalities are higher
when transmural intestinal fibrosis and muscular hypertrophy are present as seen
on histology of resected bowel specimens [54]. Overall, elastography is a novel and
promising technique that deserves more study (see Chap. 4).

2,7 Standardized Reporting

Standardized, consistent reporting is recognized as important in imaging, to
enhance consistent communication, increase quality and facilitate measurement
in research [55, 56]. This is similar in other disciplines such as endoscopic, patho-
logic and operative reporting. Standardized reporting facilitates inclusion of cru-
cial elements and consistency in their description and enables use of data by the
referring/ordering clinician. Given concerns regarding intra and inter-rater vari-
ability, operator dependency, which is true of all modalities including endoscopy,
consistent documentation is even more important in IUS. Our approach to report-
ing includes the following components: firstly, the quality of the study, important
given potential variability in the quality of the images obtained. Poor quality stud-
ies need further cross-sectional imaging and should limit reliability/applicability
of the report. Reference to prior imaging and endoscopic studies is important,
with documentation of prior surgery and correlative findings. Reporting regarding
activity should occur per segment reflecting activity versus normalcy, including
systematic findings for the rectum; sigmoid; descending, transverse and ascending
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colon; caecum; terminal ileum; and small bowel including jejunum. Activity
parameters include bowel wall thickness; length and distribution of bowel wall
thickening; stratification preservation; mesenteric changes, in particular surround-
ing fibrofatty proliferation and lymphadenopathy; and hyperaemia, as measured by
colour Doppler and presence of free fluid. Estimates of length with presence of skip
lesions (anatomic location and number) should also be included. Clear description
of location in the abdomen is important, for future replication. Then, complications
including fistula(e), phlegmon, abscess, and stenosis (for each complication—out-
line location, size/length, anatomical involvement with neighbouring structures)
need to be consistently documented. Use of oral or intravenous contrast should be
outlined, with clear documentation of quality of enhancement/small bowel disten-
tion and consequent findings contrast findings as previously reported [47]. Finally,
commentary on motility is important although to date, not well standardized. The
presence of dilated bowel, abnormal peristalsis and content moving to and fro that
is nonpropulsive are important to document. Synoptic reporting contributes signifi-
cantly to ease of understanding and quick reference.

2.8 Limitations of Intestinal US

Although TUS is well tolerated by patients, with potential for easy repeatability,
there are a number of important limitations to consider. Firstly, unlike other cross-
sectional imaging modalities, IUS and US in general have limited anatomic resolu-
tion: without clear description of location and anatomic location in the abdomen,
accurate depiction and replication of the anatomy can be challenging. This is the
main argument for potential limitation in the inter- and intra-rater variability and
thus reproducibility of images. This is a key limitation that may have precluded
inclusion of IUS as an outcome measure in therapeutic clinical trials. However,
with increasing use of both standardized assessment, documentation and synoptic
reporting, as well as wider use of validated scoring systems, these limitations may
be mitigated. Studies demonstrate bowel wall thickness measurements can be rep-
licated amongst gastroenterologists at different centres with good kappa agreement
scores [57]. Patients with larger body habitus and abdominal wall adiposity may
hamper evaluation of the bowel; however, clinical experience is variable, and some
with increased body mass index may be effectively imaged. Deep and retroperito-
neal structures can be challenging, such as small bowel loops deep in pelvis and
duodenum, to consistently visualize and thus characterize. Moreover, given limita-
tions in anatomic resolution, alterations from multiple prior bowel surgeries require
careful and expert interrogation of the location often with the help of prior addi-
tional imaging with CT or MR. In this circumstance, once the anatomy is mapped,
IUS provides an excellent follow-up modality. Ultrasound of the bowel is often
performed in centres with dedication to imaging of inflammatory bowel disease,
and these challenges may be largely overcome with collaboration with experienced
sonographers and radiologists.
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29 Summary

Use of TUS has the capacity to improve the access to safe, easily repeated, objec-
tive monitoring of patients with IBD. It is comparable to alternate cross-sectional
imaging and endoscopy in accuracy, with high sensitivity and specificity for detect-
ing disease activity. Intestinal US can also be performed at the bedside by well
trained, experienced gastroenterologists, providing objective information to guide
clinical decision-making. This ideally occurs in close collaboration with radiology,
as the cross-pollination of expertise is ideal for quality patient care. In addition to
the real-time acquisition of luminal and functional characterization, this patient-
centred approach enables an opportunity to engage and educate patients about their
disease. Intestinal US is not without limitations; however, the development of vali-
dated scoring tools that assist in quantifying disease activity, along with a formulaic
methodology for performing IUS and systematic reporting of findings, will mitigate
these commonly perceived limitations.

References

—

. Holt S, Samuel E. Grey scale ultrasound in Crohn’s disease. Gut. 1979;20(7):590-5.

2. Daperno M, Castiglione F, de Ridder L, Dotan I, Firkkila M, Florholmen J, et al. Results
of the 2nd part scientific workshop of the ECCO. II: measures and markers of prediction
to achieve, detect, and monitor intestinal healing in inflammatory bowel disease. J Crohns
Colitis. 2011;5(5):484-98.

3. Peyrin-Biroulet L, Reinisch W, Colombel J-F, Mantzaris GJ, Kornbluth A, Diamond R, et al.
Clinical disease activity, C-reactive protein normalisation and mucosal healing in Crohn’s dis-
ease in the SONIC trial. Gut. 2014;63(1):88-95.

4. Bouguen G, Levesque BG, Feagan BG, Kavanaugh A, Peyrin-Biroulet L, Colombel J-F,
et al. Treat to target: a proposed new paradigm for the management of Crohn’s disease. Clin
Gastroenterol Hepatol. 2015;13(6):1042-50.e2.

5. Greenup A, Bressler B, Rosenfeld G. Medical imaging in small bowel Crohn’s disease—com-
puted tomography enterography, magnetic resonance enterography, and ultrasound:“which
one is the best for what?”. Inflamm Bowel Dis. 2016;22(5):1246-61.

6. Panés J, Bouzas R, Chaparro M, Garcia-Sanchez V, Gisbert JP, Martinez de Guerefiu B, et al.
Systematic review: the use of ultrasonography, computed tomography and magnetic resonance
imaging for the diagnosis, assessment of activity and abdominal complications of Crohn’s
disease. Aliment Pharmacol Ther. 2011;34(2):125-45.

7. Calabrese E, Maaser C, Zorzi F, Kannengiesser K, Hanauer SB, Bruining DH, et al. Bowel
ultrasonography in the management of Crohn’s disease. A review with recommendations of an
international panel of experts. Inflamm Bowel Dis. 2016;22(5):1168-83.

8. Fraquelli M, Casazza G, Paggi S, Colucci A, Massironi S, Duca P, et al. Role of US in detec-
tion of Crohn disease: meta-analysis. Radiology. 2005;236:95-101.

9. Horsthuis K, Bipat S, Bennink R, Stoker J. Inflammatory bowel disease diagnosed with US, MR,
scintigraphy, and CT: meta-analysis of prospective studies. Radiology. 2008;247(1):64-79.

10. Zhu C, Ma X, Xue L, Xu J, Li Q, Wang Y, et al. Small intestine contrast ultrasonography
for the detection and assessment of Crohn disease: a meta-analysis. Medicine (Baltimore).
2016;95(31):e4235.

11. Peyrin-Biroulet L, Sandborn W, Sands BE, Reinisch W, Bemelman W, Bryant RV, et al.

Selecting therapeutic targets in inflammatory bowel disease (STRIDE): determining therapeu-

tic goals for treat-to-target. Am J Gastroenterol. 2015;110(9):1324-38.



32

A.-J. Greenup and K. L. Novak

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Moreno N, Ripollés T, Paredes JM, Ortiz I, Martinez MJ, Lopez A, et al. Usefulness of abdom-
inal ultrasonography in the analysis of endoscopic activity in patients with Crohn’s disease:
changes following treatment with immunomodulators and/or anti-TNF antibodies. J Crohns
Colitis. 2014;8(9):1079-87.

Fernandes SR, Rodrigues RV, Bernardo S, Cortez-Pinto J, Rosa I, Da Silva JP, et al. Transmural
healing is associated with improved long-term outcomes of patients with Crohn’s disease.
Inflamm Bowel Dis. 2017;23(8):1403-9.

Castiglione F, Testa A, Rea M, De Palma GD, Diaferia M, Musto D, et al. Transmural healing
evaluated by bowel sonography in patients with Crohn’s disease on maintenance treatment
with biologics. Inflamm Bowel Dis. 2013;19(9):1928-34.

Castiglione F, Mainenti P, Testa A, Imperatore N, De Palma GD, Maurea S, et al. Cross-
sectional evaluation of transmural healing in patients with Crohn’s disease on maintenance
treatment with anti-TNF alpha agents. Dig Liver Dis. 2017;49(5):484-9.

Dillman JR, Dehkordy SF, Smith EA, DiPietro MA, Sanchez R, DeMatos-Maillard V, et al.
Defining the ultrasound longitudinal natural history of newly diagnosed pediatric small bowel
Crohn disease treated with infliximab and infliximab—azathioprine combination therapy.
Pediatr Radiol. Pediatr Radiol. 2017;47(8):924-34.

Ripollés T, Paredes JM, Martinez-Pérez MJ, Rimola J, Jauregui-Amezaga A, Bouzas R,
et al. Ultrasonographic changes at 12 weeks of anti-TNF drugs predict 1-year sonographic
response and clinical outcome in Crohn’s disease: a multicenter study. Inflamm Bowel Dis.
2016;22(10):2465-73.

. Deepak P, Fletcher JG, Fidler JL, Barlow JM, Sheedy SP, Kolbe AB, et al. Radiological

response is associated with better long-term outcomes and is a potential treatment target in
patients with small bowel Crohn’s disease. Am J Gastroenterol. 2016;111(7):997-1006.
Rispo A, Imperatore N, Testa A, Mainenti P, De Palma GD, Luglio G, et al. Bowel damage in
Crohn’s disease: direct comparison of ultrasonography-based and magnetic resonance-based
lemann index. Inflamm Bowel Dis. 2017;23(1):143-51.

Ripollés T, Martinez-Pérez MJ, Paredes JM, Vizuete J, Garcia-Martinez E, Jiménez-Restrepo
DH. Contrast-enhanced ultrasound in the differentiation between phlegmon and abscess in
crohn’s disease and other abdominal conditions. Eur J Radiol. 2013;82(10):e525-31.

Zorzi F, Stasi E, Bevivino G, Scarozza P, Biancone L, Zuzzi S, et al. A sonographic lesion
index for Crohn’s disease helps monitor changes in transmural bowel damage during therapy.
Clin Gastroenterol Hepatol. 2014;12(12):2071-7.

Onali S, Calabrese E, Petruzziello C, Lolli E, Ascolani M, Ruffa A, et al. Post-operative
recurrence of Crohn’s disease: a prospective study at 5 years. Dig Liver Dis. 2016;
48(5):489-94.

Calabrese E, Petruzziello C, Onali S, Condino G, Zorzi F, Pallone F, et al. Severity of postop-
erative recurrence in Crohn’s disease: correlation between endoscopic and sonographic find-
ings. Inflamm Bowel Dis. 2009;15(11):1635-42.

Paredes JM, Ripollés T, Cortés X, Moreno N, Martinez MJ, Bustamante-Balén M, et al.
Contrast-enhanced ultrasonography: usefulness in the assessment of postoperative recurrence
of Crohn’s disease. J Crohns Colitis. 2013;7(3):192-201.

Wright EK, Novak KL, Lu C, Panaccione R, Ghosh S, Wilson SR. Transperineal ultrasonog-
raphy in perianal Crohn disease: a valuable imaging modality. Can J Gastroenterol Hepatol.
2015;29(8):445-7.

Maconi G, Ardizzone S, Greco S, Radice E, Bezzio C, Bianchi Porro G. Transperineal
ultrasound in the detection of perianal and rectovaginal fistulae in Crohn’s disease. Am J
Gastroenterol. 2007;102(10):2214-9.

Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al. Increasing inci-
dence and prevalence of the inflammatory bowel diseases with time, based on systematic
review. Gastroenterology. 2012;142(1):46-54.e42.

Huang JS, Tobin A, Harvey L, Nelson TR. Diagnostic medical radiation in pediatric patients
with inflammatory bowel disease. J Pediatr Gastroenterol Nutr. 2011;53(5):502-6.



Bowel Ultrasound Imaging, Protocol and Findings 33

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Levine A, Koletzko S, Turner D, Escher JC, Cucchiara S, De Ridder L, et al. ESPGHAN
revised Porto criteria for the diagnosis of inflammatory bowel disease in children and adoles-
cents. J Pediatr Gastroenterol Nutr. 2014;58(6):795-806.

Yoon H, Suh C, Kim J, Lee J, Jung A, Kim K, et al. Diagnostic performance of magnetic
resonance enterography for detection of active inflammation in children and adolescents with
inflammatory bowel disease a systematic review and diagnostic meta-analysis. JAMA Pediatr.
2017;171(12):1208-16.

Borthne AS, Abdelnoor M, Rugtveit J, Perminow G, Reiseter T, Klgw NE. Bowel magnetic
resonance imaging of pediatric patients with oral mannitol: MRI compared to endoscopy and
intestinal ultrasound. Eur Radiol. 2006;16(1):207-14.

Tsai TL, Marine MB, Wanner MR, Cooper ML, Steiner SJ, Ouyang F, et al. Can ultrasound
be used as the primary imaging in children with suspected Crohn disease? Pediatr Radiol.
2017:47(8):917-23.

Pallotta N, Civitelli F, Di Nardo G, Vincoli G, Aloi M, Viola F, et al. Small intestine contrast
ultrasonography in pediatric crohn’s disease. J Pediatr. 2013;163(3):778-84.

Civitelli F, Di Nardo G, Oliva S, Nuti F, Ferrari F, Dilillo A, et al. Ultrasonography of the
colon in pediatric ulcerative colitis: a prospective, blind, comparative study with colonoscopy.
J Pediatr. 2014;165(1):78-84.e2.

Parente F, Molteni M, Marino B, Colli A, Ardizzone S, Greco S, et al. Are colonoscopy and
bowel ultrasound useful for assessing response to short-term therapy and predicting dis-
ease outcome of moderate-to-severe forms of ulcerative colitis: a prospective study. Am J
Gastroenterol. 2010;105(5):1150-7.

Kucharzik T, Kannengiesser K, Petersen F. The use of ultrasound in in fl ammatory bowel
disease. Ann Gastroenterol. 2017;30(2):135-44.

Parente F, Molteni M, Marino B, Colli A, Ardizzone S, Greco S, Sampietro GGS. Bowel ultra-
sound and mucosal healing in ulcerative colitis. Dig Dis. 2009;27:285-90.

Nylund K, Maconi G, Hollerweger A, Ripolles T, Pallotta N, Higginson A, et al. EFSUMB rec-
ommendations and guidelines for gastrointestinal ultrasound - part 1: examination techniques
and normal findings (long version). Ultraschall Med. 2017;38(3):el-e15.

Ung C, Chang ST, Brooke Jeffrey R, Patel BN, Olcott EW. Sonography of the normal appendix: its
varied appearance and techniques to improve its visualization. Ultrasound Q. 2013;29(4):333-41.
Deslandes A. Sonographic demonstration of stomach pathology: reviewing the cases. Australas
J Ultrasound Med. 2013;16(4):202-9. https://doi.org/10.1002/§.2205-0140.2013.tb00249.x.
Taylor SA, Avni F, Cronin CG, Hoeffel C, Kim SH, Laghi A, et al. The first joint ESGAR/
ESPR consensus statement on the technical performance of cross-sectional small bowel and
colonic imaging. Eur Radiol. 2017;27(6):2570-82.

Limberg B. Diagnosis of acute ulcerative colitis and colonic Crohn’s disease by colonic sonog-
raphy. J Clin Ultrasound. 1989;17(1):25-31.

Fraquelli M, Sarno a GC, Laudi C, Buscarini E, Villa C, et al. Reproducibility of bowel ultra-
sonography in the evaluation of Crohn’s disease. Dig Liver Dis. 2008;40(11):860-6.

Rieder F, Latella G, Magro F, Yuksel ES, Higgins PDR, Di Sabatino A, et al. European Crohn’s
and colitis organisation topical review on prediction, diagnosis and management of fibroste-
nosing Crohn’s disease. J Crohns Colitis. 2016;10(8):873-85.

Coelho R, Ribeiro H, Maconi G. Bowel thickening in Crohn’s disease: fibrosis or inflamma-
tion? Diagnostic ultrasound imaging tools. Inflamm Bowel Dis. 2017;23(1):23-34.

Silva AC, Pimenta M, Guimaraes LS. Small bowel obstruction: what to look for. Radiographics.
2009;29(2):423-39.

Medellin A, Merrill C, Wilson SR. Role of contrast-enhanced ultrasound in evaluation of the
bowel. Abdom Radiol (NY). 2018;43(4):918-33.

Quaia E, De Paoli L, Stocca T, Cabibbo B, Casagrande F, Cova MA. The value of small bowel
wall contrast enhancement after sulfur hexafluoride-filled microbubble injection to differenti-
ate inflammatory from fibrotic strictures in patients with Crohn’s disease. Ultrasound Med
Biol. 2012;38(8):1324-32.


https://doi.org/10.1002/j.2205-0140.2013.tb00249.x

34

A.-J. Greenup and K. L. Novak

49.

50.

51.

52.

53.

54.

55.

56.

57.

Quaia E, Gennari AG, Cova MA, van Beek EJR. Differentiation of inflammatory from fibrotic
ileal strictures among patients with Crohn’s disease based on visual analysis: feasibility study
combining conventional B-mode ultrasound, contrast-enhanced ultrasound and strain elastog-
raphy. Ultrasound Med Biol. 2018;44(4):762-70.

Wilkens R, Hagemann-Madsen RH, Peters DA, Nielsen AH, Ngrager CB, Glerup H,
et al. Validity of contrast enhanced ultrasonography and dynamic contrast enhanced MR
Enterography in the assessment of transmural activity and fibrosis in Crohn’s disease. J Crohns
Colitis. 2018;12(1):48-56.

Pallotta N, Vincoli G, Montesani C, Chirletti P, Pronio A, Caronna R, et al. Small intestine
contrast ultrasonography (SICUS) for the detection of small bowel complications in crohn’s
disease: a prospective comparative study versus intraoperative findings. Inflamm Bowel Dis.
2012;18(1):74-84.

Onali S, Calabrese E, Petruzziello C, Zorzi F, Sica G, Fiori R, et al. Small intestine contrast
ultrasonography vs computed tomography enteroclysis for assessing ileal Crohn’s disease.
World J Gastroenterol. 2012;18(42):6088-95.

Calabrese E, Zorzi F, Onali S, Petruzziello C, Condino G, Lolli E, et al. Small intestine con-
trast ultrasonography for detecting asymptomatic small bowel Crohn’s disease lesions: a fam-
ily study. Dig Liver Dis. 2011;43:S210-1.

Havre R, Gilja OH. Elastography and strain rate imaging of the gastrointestinal tract. Eur J
Radiol. 2014;83(3):438-41.

Wildman-tobriner B, Allen BC, Bashir MR, Camp M, Miller C, Fiorillo LE, et al. Structured
reporting of CT enterography for inflammatory bowel disease : effect on key feature reporting,
accuracy across training levels, and subjective assessment of disease by referring physicians.
Abdom Radiol (NY). 2017;42(9):2243-50.

Bruining DH, Zimmermann EM, Loftus EV, Sandborn WJ, Sauer CG, Strong SA. Consensus
recommendations for evaluation, interpretation, and utilization of computed tomogra-
phy and magnetic resonance enterography in patients with small bowel Crohn’s disease.
Gastroenterology. 2018;154(4):1172-94.

Kucharzik T, Wittig BM, Helwig U, Borner N, Rossler A, Rath S, et al. Use of intestinal
ultrasound to monitor Crohn’s disease activity. Clin Gastroenterol Hepatol. 2017;15(4):
535-542.e2.



® |

Check for
updates

Ultrasound Elastography of the Bowel
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Abstract

Over the past decade, there has been increasing evidence that ultrasound elastog-
raphy may aid in the imaging evaluation and management of pediatric and adult
Crohn’s disease patients. Multiple studies have shown that ultrasound-derived
intestinal stiffness measurements can suggest the presence of bowel wall fibrosis
in areas of stricturing disease, even in the setting of superimposed inflammation.
Such knowledge can help guide the appropriate medical and surgical manage-
ment of these patients. Furthermore, semiquantitative and quantitative elasto-
graphic methods may predict response to medical therapy, show evidence of
progressive bowel damage over time, and potentially predict ensuing complica-
tions, such as impending bowel obstruction or penetrating complications. This
chapter will review the different ultrasound elastography techniques for assess-
ing the bowel, published evidence supporting the use of these techniques in
Crohn’s disease patients, potential roles in clinical practice, and likely challenges
and obstacles to future clinical use.
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3.1 Introduction

Ultrasound has multiple roles in the evaluation of children and adults with Crohn’s
disease. Common uses include the detection of affected bowel segments, assess-
ment of intestinal inflammation, and evaluation of response to medical therapy
[1-3]. Ultrasound also can be used to evaluate for intra-abdominal complications
of Crohn’s disease, including fistulas, phlegmons (also known as inflammatory
masses), and abscesses [1, 4].

Another application of ultrasound in the setting of Crohn’s disease relates to
detecting and characterizing areas of bowel wall thickening and luminal narrow-
ing that may be associated with variable intestinal obstruction, so-called stricturing
disease (Fig. 3.1). It is likely that many Crohn’s disease patients progress from (1)
simple intestinal inflammation without luminal narrowing to (2) considerable wall
thickening with luminal narrowing to (3) considerable wall thickening and luminal
narrowing with more proximal (upstream) bowel dilatation (i.e., a stricture) [5].
Narrowed, obstructing bowel segments may demonstrate inflammation (active and/
or chronic), fibrosis, smooth muscle hypertrophy, or some combination of these

Fig. 3.1 Teenage boy with
stricturing Crohn’s disease.
(a) Longitudinal color
Doppler image of the
terminal ileum shows
bowel wall thickening and
luminal narrowing. There
is mildly increased blood
flow in the bowel wall due
to inflammation, and
adjacent echogenic tissue
is consistent with
thickened, fatty mesentery.
(b) Another longitudinal
gray-scale image shows
terminal ileal wall
thickening and luminal
narrowing (arrows) with
more proximal small bowel
dilatation (asterisk),
consistent with stricturing
disease
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upon histopathologic evaluation [6]. Different recent studies suggest that obstruct-
ing strictures almost always are histologically mixed, containing both inflammation
and fibrosis [7-9].

While conventional gray-scale and Doppler ultrasound techniques can be used to
identify intestinal strictures and confirm the presence of inflammation, the existence
of fibrosis within a stricture has been more challenging to detect. As an example, a
stricture showing marked color or power Doppler hyperemia can be associated with
no, mild, or severe mural fibrosis. Currently, patients with strictures with no or mild
fibrosis may positively respond to medical (i.e., anti-inflammatory or immunosup-
pressive) therapy, while patients with strictures with severe fibrosis almost certainly
would benefit from an endoscopic (e.g., balloon dilatation) or surgical (e.g., stric-
turoplasty or resection) intervention as medical management is unlikely to have an
enduring result with long-term relief of intestinal obstruction [10, 11].

Over the past decade, there is increasing evidence that ultrasound elastography
of the bowel may help meet this unmet need. That is, ultrasound elasticity (stiff-
ness) imaging may suggest the presence of bowel wall fibrosis in strictures, even
in the setting of substantial active inflammation. Furthermore, semiquantitative and
quantitative elastography methods may estimate the severity of intestinal fibrosis
and allow assessment of change over time, thus guiding medical and surgical man-
agement and predicting impending complications.

3.2 Imaging Techniques

Ultrasound elastographic methods have the potential to be a rapid, noninvasive,
well-tolerated nonionizing method for detecting, measuring, and following intes-
tinal injury and fibrosis over time. Elastography is a radiologic analog to manual
palpation, where the hands are used to physically examine the body (or the intestine
during surgery) and feel for areas of abnormal hardness. There are two basic ultra-
sound techniques for assessing tissue stiffness: (1) strain-based elastography and (2)
shear wave-based elastography.

3.2.1 Ultrasound Strain Elastography

Strain-based elastographic methods typically characterize tissue using gray-scale
speckle (echo) tracking to establish stiffness based on how a particular tissue
responds to ultrasound transducer pressure (stress) [12, 13]. Simply put, softer tis-
sues (e.g., inflamed bowel without substantial fibrosis) deform readily in response
to stress and thus demonstrate high strain, whereas harder tissues (e.g., bowel wall
with substantial fibrosis with or without inflammation) show minimal deformation
and instead translate or displace with stress and thus demonstrate low strain.

Strain elastography techniques that are available on most state-of-the-art ultra-
sound systems are semiquantitative, providing color maps (elastograms) of rela-
tive stiffness and allowing estimates of stiffness using strain ratios, where the
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Fig. 3.2 A 6-year-old girl with newly diagnosed Crohn’s disease. (a) Axial postcontrast
T1-weighted fat-suppressed MR image shows extensive jejunal wall thickening and mural hyper-
enhancement (arrows), consistent with active inflammation. Mesenteric vascular structures are
engorged. (b) Power Doppler image of the left anterior abdomen shows a thick-walled small bowel
loop (arrows) with associated mural and mesenteric hyperemia. Adjacent mesenteric fat appears
thickened. (c¢) Strain elastography stiffness map (elastogram) with side-by-side gray-scale image
shows that the bowel wall (arrows) is substantially harder than adjacent mesentery (blue is hard
and red is soft)

tissue of interest is normalized to an adjacent (often assumed to be normal) tissue
(Fig. 3.2). Strain ratios >1 are indicative of tissue stiffening. The operator may
exert manual compression or hold the transducer steady and rely on physiologic
motion (i.e., breathing) in order to apply stress (so-called quasi-static strain elas-
tography) [13].

3.2.2 Ultrasound Shear Wave Elastography

More recently, ultrasound shear wave-based elastographic methods have become
available. These techniques are based on the generation of in vivo shear waves in
the thickened bowel wall using focused ultrasound (acoustic radiation force impulse
[i.e., ARFI]) and measurement of their speed as they propagate transversely [13—15].
Measured shear wave speed increases with increasing material (tissue) stiffness.
Shear wave speed can be related to Young’s modulus (kPa) (e.g., after making basic
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assumptions regarding tissue density, boundary conditions, and isotropy), a mechani-
cal property of linear elastic solid materials that defines the relationship between
stress (or force/area) and strain (or deformation) [14, 15].

Both point and two-dimensional (2D) shear wave elastography techniques are
available, where the point method excites a single focal anatomic location and the
2D method uses multiple “push pulses” in rapid sequence to create a shear wave-
based elastogram (Fig. 3.3) [13]. Shear wave elastography cannot be used to inter-
rogate normal bowel wall, as the bowel wall is too thin to reliably track and measure
the speed of shear waves which have a considerably longer wavelength than the
bowel wall thickness.

3.3  Supporting Studies
3.3.1 Ultrasound Strain Elastography

Using the trinitrobenzenesulfonic acid (TNBS) rodent model that recapitulates
the bowel wall inflammation and fibrosis of human Crohn’s disease, Kim et al.
[16] initially demonstrated that ultrasound strain elastography allowed character-
ization of local bowel wall elastic properties. Specifically, strain measurements
differentiated diseased fibrotic intestine from normal intestine based on histology
as well as direct mechanical measurement of tissue stiffness. This same research
group went on to describe a novel nonlinear strain elastography method also
in rodents that measured change in developed bowel wall strain as a function
of increasing applied stress (based on overall abdominal strain) [17]. Based on
this relationship (curve), a continuous nonlinear parameter was generated that
in theory has a considerably larger dynamic range than conventional quasi-static
strain elastography. This nonlinear parameter was able to reliably differentiate
normal intestine from acutely inflamed intestine and acutely inflamed intestine
from fibrotic intestine.

In a small pilot study, Havre et al. [18] used ultrasound strain elastography to
assess 16 freshly resected stenotic Crohn’s disease lesions. These authors showed
that the abnormal bowel wall was harder than surrounding tissues. Baumgart et al.
[19] also used strain elastography to assess Crohn’s disease strictures as well as nor-
mal intestine both in vivo and ex vivo. In this study of ten patients, there was a good
correlation between preoperative, intraoperative, and postoperative (i.e., in vivo and
ex vivo) strain values obtained from both unaffected and affected bowel segments
and that there were significant differences in strain measurements between unaf-
fected and strictured intestine. Furthermore, strain measurements correlated with
bowel wall collagen content, a marker of tissue fibrosis.

Fraquelli et al. [20] performed ultrasound strain elastography in 23 Crohn’s
disease patients undergoing resection of the terminal ileum as well as in 20
patients with uncomplicated inflammatory terminal ileitis. Strain ratios were
shown to significantly correlate with both semiquantitative and quantitative
histological assessments of the resected intestine. These measurements had



40 J.R. Dillman et al.

Fig. 3.3 A 13-year-old boy with Crohn’s disease. (a) There are marked terminal ileal wall thick-
ening, luminal narrowing, and adjacent mesenteric fatty thickening. Point ultrasound shear wave
elastography assessment shows abnormal bowel wall stiffening at the 12 o’clock location, with a
measured shear wave speed of 2.73 m/s. (b) 2D shear wave elastography elastogram also demon-
strates abnormal stiffening of the bowel wall (arrows) when compared to adjacent mesentery.
Three shear wave speed measurements at the 3 o’clock location range from 2.85 to 3.03 m/s

excellent diagnostic performance for detecting severe bowel wall fibrosis (area-
under-the-receiver operator characteristic curve = 0.92) and demonstrated excel-
lent inter-rater agreement. Strain ratios also were significantly different when
comparing operated Crohn’s disease patients to individuals with uncomplicated
inflammatory disease.
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In a systematic review of bowel ultrasound strain elastography by Pescatori
et al. [21], a total of 7 articles were identified that included 129 patients and 154
small and large bowel lesions. In all of these studies, the authors found that elas-
tography results correlated with intestinal fibrosis and that bowel wall strain sig-
nificantly decreases in fibrotic strictures. These authors also concluded that while
the various articles were rather heterogeneous and challenging to compare, ultra-
sound strain elastography is a “promising tool” for identifying bowel wall fibrosis
in Crohn’s disease patients.

Finally, ultrasound strain elastography has been shown to predict therapeutic
outcomes in Crohn’s disease patients treated with biologic therapy. In a study by
Orlando et al. [22], 30 consecutive patients with ileal or ileocolonic Crohn’s dis-
ease starting antitumor necrosis factor therapy underwent strain elastography of the
bowel at baseline and 14 and 52 weeks. Using strain ratios between the bowel wall
and adjacent mesentery, the need for surgery was significantly higher in patients
with a strain ratio >2 at baseline (p = 0.003). Baseline strain ratios also were signifi-
cantly lower in patients that experienced transmural healing.

3.3.2 Ultrasound Shear Wave Elastography

There is a substantially smaller number of animal and human studies using ultra-
sound shear wave elastography to evaluate intestinal fibrosis. Using 2D shear wave
elastography and the TNBS rodent model, Dillman et al. [23] documented higher
bowel wall shear wave speeds in inflamed versus fibrotic bowel segments (Fig. 3.4).
This difference in shear wave speeds increased with increasing transducer preload
(stress). The shear wave speed to stress (based on developed abdominal strain from
ultrasound transducer pressure) ratio was accurate for differentiating histologically
fibrotic from inflamed bowel segments (area-under-the-receiver operating charac-
teristic curve = 0.97).

In a small pilot study, the same authors [24] used both point and 2D shear
wave elastographic methods to assess the elastic properties of 17 freshly resected
bowel segments (15 small and 2 large intestine) from Crohn’s disease patients,
confirming that shear wave speed measurements increase with increasing mural
fibrosis (Figs. 3.5 and 3.6). Ex vivo imaging was performed on the specimens at
the 9 o’clock, 12 o’clock, and 3 o’clock locations in the areas of most severe stric-
turing. Bowel segments with transmural fibrosis had significantly higher mean
shear wave speed measurements than bowel segments with lesser fibrosis (1.59
vs. 1.18 m/s using point and 1.87 vs. 1.50 m/s using 2D shear wave elastography,
respectively).

In a prospective study of 105 consecutive patients with ileal Crohn’s disease, Lu
et al. [6] performed ultrasound shear wave elastography in areas of wall thicken-
ing greater than 4 mm. Fifteen of these patients underwent ileal resection within
an average of 71 days with regard to ultrasound imaging. Mean bowel wall shear
wave speed was significantly higher in patients with versus without surgery (2.8 vs.
2.2 m/s). Interestingly, these authors concluded that the bowel wall stiffening seen
in Crohn’s disease may be primarily due to smooth muscle hypertrophy as opposed
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Fig. 3.4 Ultrasound shear wave elastography of acutely inflamed bowel in the TNBS rodent model
of Crohn’s disease. (a) Transverse gray-scale ultrasound image shows thick-walled sigmoid colon
(arrow). (b) Color Doppler image shows marked bowel wall hyperemia (arrow) due to active
inflammation. (¢) 2D shear wave elastography elastogram shows that the bowel wall stiffness is
similar to adjacent mesentery and not abnormally stiffened (shear wave speed range, 1.06—1.56 m/s)

to fibrosis based on a moderate positive correlation between shear wave speed and
muscular hypertrophy (r = 0.59) and no statistically significant relationship between
shear wave speed and histopathologic fibrosis.

3.4 Potential Roles of Ultrasound Elastography
of the Bowel in Clinical Practice

While the roles of ultrasound elastography of the bowel in Crohn’s disease have
yet to be clearly defined, there are several promising applications. First and per-
haps most useful, assessment of bowel wall stiffness can likely be used to deter-
mine the presence versus absence of substantial fibrosis in stricturing lesions, even
when inflammation is coexistent (Fig. 3.7). Ultrasound can potentially provide an
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Depth=0.7 cm

Fig. 3.5 Point shear wave elastography images of freshly resected terminal ileal small bowel speci-
mens from two different teenage Crohn’s disease patients. Both patients show substantial bowel wall
thickening and mesenteric fatty proliferation (a) Shear wave speed measurement was 1.48 m/s at the
12 o’clock position in the first patient, which suggests minimal bowel wall stiffening and likely neg-
ligible fibrosis. (b) Shear wave speed measurement was 2.53 m/s at the 3 o’clock position in the
second patient, which suggests substantial bowel wall stiffening and likely transmural fibrosis

“acoustic biopsy” of the bowel wall and guide medical versus surgical management
or endoscopic dilatation, as stenotic lesions with considerable fibrosis and muscular
hypertrophy are unlikely to have an enduring response to medical treatment. Such
information also may allow more frequent non-emergent surgical interventions,
thereby decreasing surgical complications that can occur when surgery is emergent
and lowering healthcare costs.
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Fig.3.6 2D shear wave elastography images of freshly resected terminal ileal small bowel speci-
mens from two different teenage Crohn’s disease patients. Both patients show substantial bowel
wall thickening and mesenteric fatty proliferation (a) Shear wave speed measurements ranged
from 1.70 to 1.91 m/s at the 9 o’clock position in the first patient. (b) Shear wave speed measure-
ments ranged from 2.25 to 3.66 m/s at the 12 o’clock position in the second patient. The bowel wall
(arrows) of the second patient was circumferentially stiffened based on the color elastogram and
was considerably stiffer and likely much more fibrotic than the first patient

Second, change in bowel wall stiffness over time may be able to assess the effi-
cacy of medical therapy, document progression of bowel damage, and possibly
predict a variety of important outcomes, such as the impending development of intes-
tinal obstruction or penetrating complications, upcoming need for hospitalization
or surgery, etc.
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Fig. 3.7 Teenage boy with stricturing ileal small bowel Crohn’s disease. (a) Power Doppler
image in the region of the small bowel stricture shows markedly increased blood flow, indicative
of substantial active inflammation. (b) Point shear wave speed measurement from the stricture
measures 2.35 m/s, suggesting abnormal stiffening of the bowel wall and likely transmural
fibrosis

3.5 Challenges and Obstacles

There remain multiple challenges and obstacles to the widespread adoption of
using ultrasound elastographic methods to evaluate the bowel in Crohn’s disease.
Strain elastography remains primarily semiquantitative and quasi-static. The val-
ues obtained also are to some degree dependent on the transducer pressure (stress)
applied by the operator. One potential method for making strain assessment of the
bowel more quantitative and operator-independent (reproducible) is by assessing
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change in bowel wall deformation (bowel wall strain) with increasing ultrasound
transducer pressure (increasing stress, measured as applied strain to the entire
abdomen), so-called nonlinear strain elastography. Using the method described
above by Xu et al. [17], developed bowel wall strain can be plotted as a function
of applied abdominal strain, and a continuous nonlinear parameter can be derived.
Currently available ultrasound systems assume that tissue strain increases linearly
with increasing stress [13]. Research is ongoing in the area of nonlinear strain
elastography.

The primary challenge for shear wave elastography of the bowel relates to per-
forming this technique in a relatively small, tubular structure. While the single
bowel wall thickness in Crohn’s disease strictures is commonly 5-15 mm, the
bowel is a cylindrical structure with a well-defined serosa. Based on this tissue
geometry, shear waves may be subject to interaction with interfaces/boundaries,
where the waves rebound off of interfaces and result in incorrect shear wave speed
measurements [15]. The lack of established shear wave speed values for purely
inflamed, purely fibrotic, and mixed inflammatory and fibrotic strictures is also a
limitation, and these values may vary slightly based on the ultrasound system used
as manufacturers have yet to standardize system design and settings (e.g., excita-
tion frequency) [25].

Finally, both strain elastography and shear wave elastography have common
limitations. Depth of bowel in the abdomen (distance from the abdominal wall)
is a particular challenge to high-quality imaging that may prevent assessment of
deep pelvic bowel loops or even evaluation of superficial bowel loops in overweight
and obese patients. Also, both techniques assess tissue elasticity but fail to account
for tissue viscosity [13]. However, despite these challenges, ultrasound elastogra-
phy remains a promising imaging technique for characterizing thick-walled, often
narrowed intestine in pediatric and adult Crohn’s disease patients. The authors are
optimistic about this imaging method as there is continuing research in this area,
and there is a small but increasing body of published literature supporting its use in
clinical practice.
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MR and CT Imaging Techniques
of the Bowel

Flavius F. Guglielmo, Christopher G. Roth,
and Donald G. Mitchell

Abstract

MR and CT enterography play an integral role in managing patients with a variety
of gastrointestinal conditions such as inflammatory bowel disease (IBD), non-
IBD enteritis, small bowel and mesenteric masses, intermittent or low-grade small
bowel obstruction, obscure gastrointestinal bleeding, and celiac disease. However,
to facilitate optimal interpretation, high-quality state-of-the-art imaging is neces-
sary. In this chapter, we provide a detailed review of the techniques for performing
both MR and CT enterography. The authors have implemented these MR and CT
protocols on a variety of MR and CT clinical scanners.

4.1 General Principles
4.1.1 Enterography Indications

In many centers, MR enterography (MRE) and CT enterography (CTE) have
become the default small bowel imaging study essentially replacing traditional
barium-based fluoroscopic exams (i.e., small bowel series and enteroclysis) [1, 2].
Indications for performing MRE or CTE are listed in Table 4.1 [1, 3—6]. While the
indications have some overlap, the following principles should be considered when
choosing between MRI and CT for small bowel imaging. Since MRE does not use
ionizing radiation, this test is preferred for patients with Crohn’s disease (CD) or
polyposis syndromes as many of these patients present earlier in life and may
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Table 4.1 Indications for MR and CT enterography

MR enterography CT enterography

Diagnosis of IBD—evaluate disease activity Known Crohn’s disease (not in the

and extent perioperative period)

Follow-up of IBD—disease activity and Possible Crohn’s disease or other causes of
treatment response small bowel inflammation

Evaluation of IBD complications (e.g., Obscure gastrointestinal bleeding
stricture, fistula, or abscess)

Small bowel masses including polyposis Chronic diarrhea and/or abdominal pain
syndromes

Intermittent or low-grade small bowel Chronic mesenteric ischemia
obstruction

Celiac disease Celiac disease

Non-IBD enteritis (e.g., infection, vasculitis,

treatment-related enteritis)

IBD, inflammatory bowel disease

Yol Ol L XYY

Fig. 4.1 Coronal heavily T2-weighted image (a) and coronal CT enterography image (b). With
MRYI, the difference in signal intensity between the fluid in the lumen and bowel wall is greater
than the density difference on CT which can increase the conspicuity of bowel abnormalities com-
pared to CT

require multiple imaging studies for many years [1, 3, 7-9]. In Crohn’s disease, MRI
has an additional advantage over CT due to higher contrast resolution, making MRI
more sensitive for identifying bowel wall edema and fibrosis (Fig. 4.1). Also, peri-
anal fistulas, which occur in up to 25% of CD patients, are more readily identified
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with MRI than with CT. Finally, for all patients, compared to static CT images,
MRE adds another dimension to small bowel imaging when “cine MRE” is per-
formed providing small bowel peristalsis evaluation to help identify bowel stric-
tures, adhesions, and small bowel masses [10]. On the other hand, due to the higher
spatial resolution and faster image acquisition time, CT is the test of choice for
patients with obscure gastrointestinal bleeding, subtle small bowel masses, or dif-
ficulty with breath holding [10].

4.1.2 Enteric Contrast Agents

With both MR and CT enterography, the goal of administering enteric contrast agents
is to adequately distend the small bowel and provide homogeneous opacification of
the lumen with high contrast between the lumen and bowel wall while having no seri-
ous adverse side effects [6]. The most commonly used MR enteric agents are “bipha-
sic” agents which have low signal intensity on T1-weighted images and high signal
intensity on T2-weighted images (Fig. 4.2) [11-14]. Biphasic agents include low-
density barium sulfate suspension (Volumen, Bracco Diagnostics, Princeton, New
Jersey), mannitol, sorbitol, polyethylene glycol, water (only effective for stomach and
duodenum due to rapid absorption from the small bowel), methylcellulose, and locust
bean gum [12, 15-18]. These same contrast agents are used for CT enterography due
to the relative low density of the contrast agents which allows identification of bowel
wall and mucosal enhancement which can be obscured when standard barium or
iodine solutions are used (Fig. 4.3) [19, 20].

The choice of enteric contrast agent depends on patient tolerance and regional
availability. A study by Young et al. [21] compared four different biphasic agents

Enteric T1 Weighted Signal T2 Weighted Signal

Contrast . :
Intensit: Intensit:
Agents v v

Examples

Low density barium sulfate suspension
Mannitol
Sorbitol
Polyethylene glycol
Water
Methylcellulose
Locust bean gum

Biphasic

Ferumoxsil oral suspension
Oral superparamagnetic particles
Perfluoroctylbromide

Negative

Diluted gadolinium
Fruit juices containing manganese
Positive (e.g. grapefruit, pineapple,
or blueberry juice) *
Milk with a high fat content

*Note: Fruit juices may act as negative oral contrast agents if the manganese concentrations are very high.

Fig. 4.2 The signal intensities of the different MRI enteric contrast agents on T1-weighted and
T2-weighted images
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Fig. 4.3 CT enterogram using low-density barium sulfate suspension (a) and standard barium
solution (b). In image (a), mural and mucosal enhancement is readily identifiable with neutral oral
contrast while much less conspicuous in image (b) due to the positive oral contrast

and found that low-density barium sulfate suspension and polyethylene glycol had
better bowel distension than water or methylcellulose. However, polyethylene gly-
col was the most difficult to drink and was the agent patients least preferred to drink.
In the United States, low-density barium sulfate suspension is commonly chosen for
both MR and CT enterography protocols, which is the case in our practice. An alter-
native is a newer commercially available contrast agent containing a thickening
agent (Breeza for neutral abdominopelvic imaging, Beekley Medical) which has
been shown to have similar side effects and equivalent small bowel distention com-
pared to a low-density barium sulfate suspension although was rated higher by
patients in taste and willingness to repeat the drinking protocol for subsequent
exams [22]. In countries where these agents are not available, polyethylene glycol,
methylcellulose, or a solution combined with sorbitol, mannitol, or locust bean gum
can be used [6, 15, 18, 23]. Finally, milk can be a cost-effective option for CT
enterography [24].

As a general rule, the patient should drink as much enteric contrast as possible
(i.e., 1350-1500 mL) without the agent passing through the patient during the exam
[2, 25]. For low-density barium suspension, one bottle of 450 ml is administered
every 20 min for a total of three bottles. If needed, an additional 250-500 mL of
water can be administered right before imaging for better distension of the stomach
and proximal small bowel while reducing the amount of administered hyperosmolar
fluid [2, 26].

4.1.3 Intravenous Contrast Material

With both MR and CT enterography, intravenous contrast administration is needed
to identify abnormal enhancement of the bowel wall and mucosa, inflammatory
masses, and the walls of infected fluid collections, perienteric fistulas, and sinus
tracts. For MR enterography, an extracellular space contrast agent (ECSA) is the
agent of choice. In our practice, we prefer to use the ECSA gadobenate dimeglu-
mine because of the stronger enhancement due to higher relaxivity compared to
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other ECSAs. For patients that have had multiple MRE exams perform, a macrocy-
clic agent can be used such as gadoterate meglumine, gadobutrol, or gadoteridol
because of the higher stability compared to linear agents [27, 28] (Table 4.2). For all
ECSAs, a standard dose of 0.1 mmol/kg is administered at 2 mL/s followed by a
saline flush.

For CT enterography, most centers use iodinated contrast containing 300 mg/mL
of iodine, and 100-150 mL of contrast media is injected. Contrast is generally
injected at a rate of 3—4 mL/s. For patients that cannot receive iodinated contrast due
to a severe contrast allergy or chronic renal disease, MR enterography is the pre-
ferred option. For patients that cannot receive gadolinium due to severe chronic
renal disease, noncontrast MR enterography that includes diffusion-weighted and
T2-weighted images is an acceptable alternative. Finally, for patients in which MRI
is contraindicated or cannot be performed due to claustrophobia, a noncontrast CT
enterography or enteroclysis using positive enteric contrast agents or a standard
small bowel series or small bowel enteroclysis can be performed [29].

For CTE, scanning can be performed during the “enteric” phase (50 s after injec-
tion) or the portal venous phase (60-70 s after injection) [27, 30-33]. For MRE,
multiphase dynamic post-contrast 3D fat-suppressed gradient-echo images can be
obtained including precontrast, late arterial phase (30-35 s after injection), and por-
tal venous phase sequences. While maximum small bowel enhancement occurs dur-
ing the enteric phase, a study by Vandenbroucke et al. showed that there was no
significant difference in Crohn’s disease lesion detection between the enteric and
portal venous phases [34]. Finally, with MRI, studies have shown that delayed
imaging up to 8 min after injection can improve lesion detection and grading dis-
ease activity with Crohn’s disease [35, 36].

There are two potential pitfalls to be aware of when interpreting MRE and CTE
exams. First, CT attenuation (and signal intensity on post-contrast T1-weighted
images) is normally greater in the jejunum than in the ileum and is greater in col-
lapsed small bowel segments compared to distended small bowel segments (Fig. 4.4)
[29, 37-39]. Thus, when interpreting MRE or CTE exams, it is important to com-
pare CT attenuation and post-contrast T1 signal intensity of jejunal small bowel
segments to other jejunal segments and ileal segments to other ileal segments. Also,
on MRE, the same bowel segment should be evaluated on multiple pulse sequences
to determine if a bowel segment is truly abnormal or just transiently collapsed and
normal. This is one of the advantages of MRE compared to CTE which usually has
only one phase compared to the multiple sequences in an MRE exam.

4.1.4 Antiperistaltic Agents

With MR enterography, small bowel peristalsis limits bowel wall evaluation due to
blurring from motion artifact. This is predominantly an issue with 3D gradient-echo
(GRE) sequences which generally have a relatively long acquisition time of 15-19 s.
While several studies [40, 41] reported similar accuracy when interpreting MR
enterography exams without using antiperistaltic agents, most academic centers
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Fig. 4.4 Normal CT enterogram using low-density barium sulfate suspension (a) and (b).
Collapsed loops of jejunum (solid gray arrows) have higher attenuation than distended loops of
jejunum (solid white arrows), and collapsed loops of ileum (dashed gray arrows) have higher
attenuation than distended loops of ileum (solid dashed arrows). Also, overall attenuation of the
jejunum is greater than the ileum

now routinely administer these agents to improve image quality and facilitate exam
interpretation. In a paper by Ziech et al., 24 academic radiologists were surveyed.
They found that 92% used antiperistaltic agents including hyoscine butylbromide
(Buscopan; Boehringer Ingelheim, Ingelheim Germany) in 82% and glucagon
(Glucagen; Novo Nordisk, Bagsvaerd, Denmark) in 18% [42].

In the United States, the most commonly used antiperistaltic agent is glucagon
which is administered at a dose of 0.5-1 mg and usually given intravenously imme-
diately before obtaining the pre- and post-gadolinium 3D GRE series [43]. In some
centers, a split dose is given, with part of the dose given before the T2-weighted
sequences and the remainder before the pre- and post-gadolinium 3D GRE series.
Glucagon can also be given intramuscularly, although the onset of antiperistaltic
effect will be slower [44]. The most common side effects with glucagon are nausea
and vomiting which can occur up to 3 h after injecting. Injecting slowly (i.e., over a
5-min period) has been shown to reduce side effects [38].

Hyoscine butylbromide (Buscopan) is the most commonly administered anti-
peristaltic agent outside of the United States. The dose is 20 mg which is adminis-
tered intravenously as a single or split dose using two [12] or three [45, 46] different
injections. Similar to glucagon, hyoscine butylbromide can be given intramuscu-
larly although with a slower onset of antiperistaltic action [44]. Hyoscine butylbro-
mide is not available to use in the United States.

Newer 3D GRE sequences are now available which have shorter acquisition
times that can lead to less motion artifact from bowel peristalsis. Finally,
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antiperistaltic administration is less important when performing CT enterography
due to CT’s rapid acquisition time.

4.2 MR Enterography
4.2.1 Patient Preparation

With MR enterography (MRE), patients should ideally fast beginning 4-6 h before
the exam. This prevents bladder overfilling during the study and leaves the stomach
empty, so the patient can drink the maximum amount of enteric contrast [47].
Beginning 1 h before the exam, the patient begins drinking enteric contrast such as
one bottle (450 mL) of low-density barium sulfate suspension (Volumen, Bracco
Diagnostics, Princeton, NJ) every 20 min for a total of three bottles (1350 mL). If
possible, patients are scanned in the prone position which helps improve small
bowel distension and separation, decreases motion artifact, and reduces the volume
to scan [11]. If patients cannot be scanned prone, supine positioning is usually suf-
ficient. One paper by Cronin et al. [48] showed that there was no difference in lesion
detection between supine and prone positioning. A standard intravenous dose of an
extracellular space gadolinium-based contrast agent is administered. In our practice,
we prefer 0.1 mmol/kg of gadobenate dimeglumine (MultiHance, Bracco
Diagnostics, Princeton, NJ) due to the higher relaxivity compared to other extracel-
lular space contrast agents (Table 4.2) [27, 28, 49]. Finally, an antiperistaltic agent
should be administered to decrease small bowel peristalsis.

4.2.2 MR Enterography Technical Considerations

To achieve the best image quality, MR enterography should ideally be performed on
a high-field MR system with a field strength of 1.5 T or greater. A phased array coil
or combination of phased array coils should be used to ensure complete coverage of
the bowel in the abdomen and pelvis [3, 4, 50]. Using a 3 T MRI can improve the
signal-to-noise ratio and spatial resolution of the exam but may be limited by higher
specific absorption rates and imaging artifacts such as dielectric effects [6, 51].

4.2.3 MR Enterography Protocol

Thorough evaluation of the bowel with MRI is possible by performing an MR
enterography protocol like the one in Table 4.3 [2, 52]. After obtaining a three-plane
localizer series, a three-plane balanced steady-state free precession series (BSSFP)
followed by axial and coronal heavily T2-weighted sequences and axial or coronal
2D dual gradient-echo in- and out-of-phase series are obtained. In most centers,
intravenous glucagon or Buscopan is then administered followed by coronal
dynamic pre- and post-gadolinium-enhanced fat-suppressed 3D gradient-echo pulse
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Table 4.3 MR enterography pulse sequences and parameters (1.5 T)

Slice

thickness/ | TR | TE Flip |Fat
Sequence Plane FOV | Matrix gap (mm) | (ms) |(ms) |angle | suppression
SSFSE survey Three- |45 320x 192 | 8/0 Min |80 90 No
(localizer plane
series)*
BSSFP Three- |38 192 x 288 | 5/0 Min |Min 60 No

plane

SSFSE (heavily | Coronal |42 256 x 192 |5/0 Min | 180 90 No
T2W)
SSFSE (heavily |Axial |38 256 x 192 |5/0 Min | 180 90 No
T2W)
2D dual gradient |Axial |38 256 x 192 |7/0.5 265 2.1/4.4 190 No
echo in- and
out-of-phase®
Dynamic Coronal |42 320 x224 4.4/2.2 Min |Min 12 Yes
multiphase
fat-suppressed
3D GRE (pre,
late arterial, and
portal venous
phase)®
Moderately Coronal |44 256 x 224 |5/0 700 80 90 Yes
T2W FS
Moderately Axial 38 1256 x 224 |5/0 700 |80 90 Yes
T2W FS
T1-weighted 3D | Coronal |42 | 320 x 224 |4.4/2.2 Min |Min 12 Yes
spoiled GRE
(delayed phase)
T1-weighted 3D | Axial 40 256 %192 4.4/2.2 Min |Min 12 Yes
spoiled GRE
(delayed phase)
Cine BSSFP! Coronal |40 224 x 288 |8/1.5 38 |17 70 No
Diffusion- Axial 36 128 x 128 | 6/1 7000 | 73 90 Yes
weighted images

Modified with permission from Ref. [21], Copyright Springer Science+Business Media New York
2016

2D two-dimensional, 3D three-dimensional, BSSFP balanced steady-state free precession, FOV
field of view, FS fat suppression, GRE gradient echo, mm millimeters, ms milliseconds, SSFSE
single-shot fast spin echo, 72W T2 weighted, TE echo time, 7R repetition time

“T1 weighted or balanced steady-state free precession sequences can be performed instead

"The 2D dual gradient-echo in- and out-of-phase series is a 2D acquisition. On more modern MR
equipment, a two-point Dixon 3D acquisition is obtained which has parameters that match the pre-
and post-gadolinium fat-suppressed 3D GRE series “water”” image (except for the echo time)
“Antiperistaltic agents are usually administered before this sequence. In some centers, a split dose
is given, with part of the dose given before the T2-weighted sequences and the remainder before
the dynamic multiphase 3D GRE series

dCine BSSFP series should be performed before administering antiperistaltic agents or any time
during the protocol if antiperistaltic agents are not administered. Parameters for the cine BSSFP
series are variable for different MR vendors. General Electric parameters are displayed
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sequences (FS 3DGRE). Next, coronal and axial fat-suppressed moderately T2
weighted, coronal and axial delayed post-contrast FS 3DGRE, and axial diffusion-
weighted sequences are obtained. A coronal cine BSSFP series can be obtained at
the beginning of the study if antiperistaltics are administered or anytime during the
study if they are not.

The MRE protocol in Table 4.3 takes about 45 min to complete. In the sections
that follow below, each pulse sequence will be covered with a discussion about the
clinical utility, advantages, and disadvantages.

4.2.4 Localizer Series

The localizer series is usually a rapid sequence obtained with a moderately large field
of view in three planes (i.e., axial, sagittal, and coronal). Several pulse sequences can
be used including single-shot fast spin echo, T1-weighted, or balanced steady-state
free precession sequences. The default imaging technique set by MR vendors usually
includes thick slices (e.g., 10 mm) with significant gaps between slices (e.g., 5 mm).
However, this can be changed to thinner slices and gaps (e.g., 6 mm/1 mm) to improve
the diagnostic utility of this series.

4.2.4.1 Clinical Utility
The localizer series is performed to confirm that the torso array coil is positioned so
that the abdomen and pelvis is included within the sensitive volume of the coil.

4.2.4.2 Advantages

For case interpretation, this is generally the only series in an MRE protocol that is
obtained in the sagittal plane and may be the best imaging plane to identify spine
compression fractures or localizing spine lesions [27].

4.2.4.3 Disadvantages
If this series includes thick slices with large gaps between slices (e.g., 10/5 mm),
misregistration artifact can be a significant problem.

4.2,5 Balanced Steady-State Free Precession (BSSFP)

BSSFP is a bright-blood technique in which all three gradients (i.e., frequency,
phase, and slice) are refocused and magnetization is continually preserved rather
than spoiled [53, 54]. This sequence is very useful as a three-plane localizer series
but can also be performed as a stand-alone axial or coronal series. Examples of ven-
dor names for BSSFP sequences include balanced fast-field echo (BFFE), true fast
imaging with steady-state precession (true FISP), and fast imaging employing
steady-state acquisition (FIESTA) (Figs. 4.5 and 4.6).
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Fig. 4.5 Coronal balanced
steady-state free precession
image (BSSFP). With
BSSFP, fluid (arrow) and
blood vessels such as the
aorta (arrowheads) both
have high signal intensity.
For this reason, this “white
blood” technique can
confirm patency of blood
vessels

Fig. 4.6 Coronal balanced steady-state free precession image (BSSFP) (a) and corresponding
coronal CT image (b). There is significant susceptibility artifact (gray arrow in a) due to a metallic
left hip prosthesis which is demonstrated on CT (white arrow in b)
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4.2.5.1 Clinical Utility

BSSFP sequences can be used to evaluate the overall small bowel for abnormalities
such as dilatation or wall thickening. The high signal intensity of blood vessels is
useful for evaluating the abdominal vasculature for patency (Fig. 4.5).

4.2.,5.2 Advantages

BSSFP sequences are the most motion resistance series in an MRE protocol. This
can be helpful for patients that have difficulty holding their breath. Also, the bright-
blood technique can help evaluate blood vessel patency in cases where gadolinium
cannot be administered.

4.2.5.3 Disadvantages

Due to chemical shift artifact, on sequences that are not fat-suppressed, a “black
boundary” artifact occurs at the periphery of the bowel wall which precludes precise
measurement of the bowel wall for thickening [15]. Also, due to the lack of refocus-
ing pulses, significant susceptibility artifact can occur due to bowel gas or metallic
structures which can limit evaluation of a portion of the abdomen (Fig. 4.6) [55].
Finally, the high signal intensity of both blood vessels and cysts or ducts can cause
confusion differentiating these structures [27].

4.2.6 Cine Balanced Steady-State Free Precession (Cine BSSFP)

Cine BSSFP is a bright-blood technique based on the same pulse sequences as the
static BSSFP sequences (i.e., BFFE, true FISP, or FIESTA). However, at each imag-
ing slice, multiple sequential phases are obtained and displayed sequentially to create
a video depicting bowel peristalsis. Typically, between 10 and 20 slices are obtained
with 25 phases per slice. A 12-slice cine BSSFP sequence takes about 4 min to com-
plete. This series can be obtained without or with fat suppression (Fig. 4.7). Since
this sequence evaluates small bowel peristalsis, this series must be performed before
antiperistaltic agents are administered [15, 56].

4.2.6.1 Clinical Utility

Cine BSSFP sequences can be used to evaluate the overall small bowel for an
increase in peristalsis (e.g., small bowel obstruction) or a decrease in peristalsis
(e.g., ileus) or individual small bowel segments for relatively decreased peristalsis
(e.g., bowel inflammation, stricture, or mass) [8, 9, 52, 57-61].

When interpreting cine BSSFP sequences, it is important to choose a frame rate on
PACS which allows temporal separation of small bowel segments. At our institution,
we have found that 12 frames per second is a good starting point. This frame rate can
be increased or decreased depending on the speed of small bowel peristalsis. After
setting the frame rate, the overall small bowel and individual small bowel segments
are evaluated for a relative increase or decrease in peristalsis rate. Since there are no
standards for peristalsis evaluation, identifying abnormal peristalsis is subjective and
requires experience to develop an understanding of “normal” peristalsis first [56].
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Fig.4.7 Coronal cine balanced steady-state free precession image series in two different patients
without (a) and with (b) fat suppression. The cine series in image (a) had 12 slices with 25 phases
per slice, and the cine series in image (b) had 15 slices with 25 phases per slice

4.2.6.2 Advantages and Disadvantages
The same advantages and disadvantages of static BSSFP sequences pertain to cine
BSSFP sequences.

4.2.7 T2-Weighted Sequences

For MRE studies, at our institution, we obtain two complementary T2-weighted
sequences (T2WI), both using single-shot fast spin echo (SSFSE) technique because
of its relative insensitivity to patient motion. This includes a “heavily T2-weighted”
series with an effective echo time of 180-200 ms (Fig. 4.8) and a fat-suppressed
“moderately T2-weighted” series with an effective echo time of 80-100 ms (Fig. 4.9)
[27, 62, 63]. Heavily T2WI are ideally performed without fat suppression to improve
delineation of organ boundaries and performed before gadolinium administration to
avoid gadolinium’s T2 shortening effects which can darken the renal collecting sys-
tems and liver hemangiomas [27]. Moderately T2WI can be performed post-
gadolinium and with fat suppression, to improve the conspicuity of bowel wall
edema, lymph nodes, and solid organ lesions [27, 63].

4.2.7.1 Clinical Utility
T2-weighted images are “fluid-sensitive” sequences and are the best sequence to
evaluate for fluid collections, mural and perienteric edema, and fluid within fistulas
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Fig. 4.8 Coronal (a) and axial (b) heavily T2-weighted images obtained with an effective echo
time of 200 ms. This series is ideally performed before gadolinium administration and without fat
suppression

Fig. 4.9 Coronal (a) and axial (b) fat-suppressed moderately T2-weighted images obtained with
an effective echo time of 80 ms. This series is ideally performed after gadolinium administration

and sinus tracts. T2WI can be used to measure bowel wall thickness to evaluate for
thickening while also demonstrating mural edema, indicating active inflammation,
and/or mural fibrosis [8, 9, 64].

4.2.7.2 Advantages

The multiple 180° refocusing pulses used to obtain T2W images result in less sus-
ceptibility artifact compared to all other series in the MRE protocol. Thus, metal
clips or bowel gas will cause less distortion and blooming artifact, particularly on
images without fat suppression.

4.2.7.3 Disadvantages

Intraluminal motion due to bowel peristalsis leads to “flow void” artifacts within
bowel segments, likely due to saturation effects of fluid, which can simulate true
intraluminal filling defects [15]. The way to mitigate this artifact is to evaluate the
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Fig.4.10 Coronal heavily T2-weighted image with an effective echo time of 180 ms (a) and cor-
responding coronal cine balanced steady-state free precession (BSSFP) image (b). In the
T2-weighted image, the round filling defects in the small bowel lumen (arrows in a) are flow void
artifacts created by peristalsis. This is confirmed by correlating with the BSSFP series which has a
faster acquisition time and does not show these filling defects (arrows in b)

corresponding BSSFP series which is not as prone to saturation effects (Fig. 4.10).
Another limitation is a relatively low signal-to-noise ratio due to the single-shot
acquisition technique, especially for fat-suppressed T2-weighted sequences.

4.2.8 Dual Gradient-Echo In- and Out-of-Phase

This is a gradient-echo (GRE) sequence in which two different echo times are
obtained that optimize the precessional frequency difference between water and fat.
At specific echo times proportional to the magnetic field strength, fat and water
signal will be either in-phase or out-of-phase [65]. High signal occurs when water
and fat signal are summed on in-phase images. The opposite occurs on out-of-phase
images in which the sum of water and fat signal leads to decreased signal intensity
(i.e., phase cancellation) [65, 66]. For older MR systems, this series is performed as
a stand-alone 2D sequence. On more modern MR systems, this series is automati-
cally obtained using a modified two-point Dixon fat-water separation technique to
generate fat-suppressed 3D gradient-echo sequences [67, 68]. The advantage of this
latter technique is thinner slices (e.g., 4 mm versus 7 mm) which match the fat-
suppressed 3D gradient-echo images (i.e., “water image”) and obtaining one less
series which decreases total exam time. This series must be performed before gado-
linium administration for optimal tissue characterization. Images can be obtained in
either the coronal (Fig. 4.11) or axial plane.
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Fig. 4.11 Coronal in-phase (a) and out-of-phase (b) 2D gradient-echo images with an echo time
(TE) of 4.6 and 2.3 ms, respectively

4.2.8.1 Clinical Utility

The dual gradient-echo in- and out-of-phase series provides T1-weighted informa-
tion complementing the information provided by the fat-suppressed (T1 weighted)
3D GRE series. For example, when fat is present in the bowel wall which may indi-
cate changes of long-standing inflammatory bowel disease, the wall will be hyperin-
tense on in- and out-of-phase images and hypointense on fat-suppressed 3D GRE
images. This series is also beneficial in characterizing findings incidentally found on
MRE studies such as a fatty liver, liver or splenic iron overload, ovarian dermoids, or
endometriosis [65, 66]. Finally, “blooming” of air bubbles within stool on in-phase
images can help distinguish large bowel from small bowel.

4.2.8.2 Advantages
This is the only nonfat-suppressed T1-weighted sequence which when combined
with other pulse sequences facilitates tissue characterization.

4.2.8.3 Disadvantages
Both 3D and 2D dual GRE sequences can be degraded by motion artifact created by
bowel peristalsis due to a relatively long series acquisition duration.

4.2.9 Dynamic Multiphase Fat-Suppressed 3D Gradient Echo
(3D GRE)

T1-weighted dynamic multiphase fat-suppressed 3D gradient-echo sequences are
the “workhorse” sequence in a MRE exam, many times providing valuable informa-
tion about the presence of bowel inflammation or fibrosis [26, 69]. To obtain this
series, a volume of the abdomen is obtained with a single 15-19 s breath hold.
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Fig. 4.12 Coronal precontrast (a), late arterial phase (b), and portal venous phase (¢) contrast-
enhanced 3D gradient-echo (GRE) images and delayed coronal (d) and axial 3D GRE images (e)

Precontrast and dynamic coronal late arterial and portal venous phase images are
obtained followed by delayed phase coronal and axial images (Fig. 4.12). Given this
series’ relatively long acquisition duration, controlling small bowel peristalsis with
antiperistaltic agents (discussed above) is especially important with 3D GRE [7].
However, newer 3D techniques with faster acquisition time and higher temporal
resolution may decrease the motion sensitivity of this sequence.

Examples of vendor names for 3D GRE sequences include liver acquisition with
volume acceleration (LAVA), T1 high-resolution isotropic volume excitation
(THRIVE), and volumetric interpolated breath-hold examination (VIBE). Acronyms
for more modern MRI systems that use the modified two-point Dixon technique for
fat suppression include liver acquisition with volume acceleration-flexible (LAVA-
Flex), modified Dixon (mDixon), and Dixon volumetric interpolated breath-hold
examination (Dixon-VIBE).

4.2.9.1 Clinical Utility

This series is used to evaluate bowel wall thickness and the amount, pattern, and
timing of bowel wall enhancement. Enhancement of non-bowel structures is also
evaluated including lymph nodes and the walls of fluid collections, fistulas, and
sinus tracts.
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4.2.,9.2 Advantages

The thin slice thickness (5 mm or less) and 50% overlap of the 3D GRE series allow
better bowel tracking when scrolling through images on PACS compared to the
other series in an MRE protocol, most of which are 2D acquisitions.

4.2.9.3 Disadvantages

Bowel wall blurring is a significant problem with this series, especially if antiperi-
staltics are not administered. Fortunately, many times bowel peristalsis is decreased
in abnormal small bowel segments due to inflammation or stricturing, resulting in
less motion artifact [40, 41, 52].

4.2.10 Diffusion-Weighted Images

Diffusion-weighted images (DWI) evaluate for water mobility within tissues.
Tissues with either tense edema or dense cellularity will have high signal intensity
on DWI. Typically, multiple b-values are obtained such as b-values of 0, 20, and
800. A b-value of 0 has no diffusion weighting. A b-value of 20 has minimal diffu-
sion weighting which results in signal loss in blood vessels making tumors, edema,
and fluid more conspicuous. A high b-value of 800—1000 negates signal intensity
from fluid and normal bowel mucosa and is best for identifying inflammation [45,
70, 71]. When at least two b-values are obtained, an ADC map can be generated
(Fig. 4.13). Tissues with abundant diffusion will display as high signal intensity on

Fig. 4.13 Axial diffusion-weighted images with b-values of 0 (a), 20 (b), and 800 (c¢). With a
b-value of 0, most blood vessels have high signal intensity (arrows in a), while with a b-value of
20, most blood vessels have dark signal intensity (arrowheads in b). When more than one b-value
is obtained, an ADC map can be generated (d) to evaluate for restricted diffusion versus T2 shine
through
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the ADC map due to “T2 shine through.” True restricted diffusion will display as
low signal intensity on the ADC map [72, 73].

There are three methods for performing DWI including breath hold, respiratory
triggered, and free breathing with multiple averages (e.g., 4-10). The latter two tech-
niques take 3—6 min to complete. Free breathing has the highest signal-to-noise ratio
and the most consistent suppression of respiratory motion, being less dependent on
patient and operator variability [45, 74].

4.2.10.1 Clinical Utility

Restricted diffusion on DWI (i.e., high signal intensity on high b-value DWI and
low signal intensity on the ADC map) can identify bowel wall inflammation, lymph-
adenopathy, infected fluid collections, or fibrosis [75]. Also, when bowel inflamma-
tion is identified on conventional contrast-enhanced and/or T2-weighted images,
the presence of restricted diffusion on DWI may indicate more severe inflamma-
tion [8, 9, 46].

4.2.10.2 Advantages

DWI sequences have high contrast resolution which improves identification of
pathologic processes when interpreted with other pulse sequences. If gadolinium is
contraindicated, DWI becomes especially important in demonstrating bowel
inflammation.

4.2.10.3 Disadvantages

Non-breath-hold DWTI has a long series acquisition time and can take up to 3—6 min
to obtain. Similar to the other series in an MRE exam (except for T2-weighted
images), DWI is prone to susceptibility artifact created by metallic structures or
bowel gas. Low spatial resolution and limited morphologic information are addi-
tional limitations of DWI. Finally, DWI has low specificity for mural inflammation
in Crohn’s disease, and thus, the findings on DWI should be supplementary to find-
ings on conventional contrast-enhanced and/or T2-weighted images [45, 46, 76].

4.3 CTEnterography
4.3.1 Patient Preparation

Prior to CT enterography (CTE), patients are generally required to fast for 4 h [5,
77, 78]. Fasting helps to ensure that intraluminal ingested material is not confused
for intestinal pathology. In order to distend the small bowel and optimize tissue
contrast, a neutral oral contrast agent is administered beginning at least 1 h prior to
imaging. Neutral oral contrast agents accomplish bowel distention without increas-
ing luminal density (like positive oral contrast agents such as standard barium and
iodine solutions). The relative luminal hypodensity increases the conspicuity of the
adjacent bowel wall and mural enhancement (Fig. 4.3) [19, 20]. As discussed above,
neutral contrast agents include low-density barium sulfate suspension (Volumen),
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mannitol, sorbitol, polyethylene glycol, water, methylcellulose, and locust bean
gum. Because bowel distention is critically important to evaluate bowel wall thick-
ening and enhancement, consuming at least 1 L of contrast agent is recommended.
A typical preparation includes administering one bottle of 450 mL of low-density
barium sulfate suspension every 20 min beginning 1 h prior to the examination for
a total of 1350 mL.

4.3.2 CT Enterography Protocol

In addition to adequate luminal distention, CTE requires intravenous contrast
administration and adequate spatial resolution for image postprocessing. For rou-
tine studies to evaluate inflammatory bowel disease, a single post-contrast phase
obtained approximately 50-65 s following the onset of contrast administration is
adequate (Table 4.4) [19]. For evaluation of small bowel bleeding, many centers use
a multiphase approach such as a bolus-timed arterial phase, an enteric phase (50
seconds after injection) and possibly a delayed phase (90 seconds after injection)
[92-95]. Anatomic coverage spans the top of the liver or hemidiaphragms through
the lesser trochanters to ensure complete coverage of the bowel. In order to guaran-
tee adequate image quality and allow for postprocessing, CT detector size should be
1.5 mm or lower, and axial images are reconstructed with a section thickness of
between 2.0 and 3.0 mm, generally with a matching interval. Reformatted images in
the coronal and sagittal planes with section thickness up to 3.0 mm are often over-
lapping with a lower interval, typically half the section thickness.

4.3.3 CT Enterography Clinical Utility and Limitations
CTE has largely replaced fluoroscopy as the first-line imaging modality for inflam-
matory bowel disease. CTE and MRE have comparable diagnostic effectiveness for

IBD [18], and the relative benefits of CTE are its lower cost, wider availability,
image quality reproducibility, shorter image acquisition time, and greater patient

Table 4.4 CT enterography protocol

Parameter Single phase

Coverage Liver dome through lesser trochanter

Scan direction Top to bottom

IV contrast dose 100 mL

IV contrast rate 3—4 mL/s

Saline flush Yes

Delay 50s

Oral contrast Three bottles of low-density barium sulfate suspension (1350 mL)
Detector size <1.5 mm
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Fig.4.14 Coronal CT
enterography image
showing active
inflammation with luminal
narrowing in the terminal
ileum (arrow)

acceptance. Because many patients that require a CTE may present earlier in life
and require multiple imaging studies, MRE should be the preferred test, except in
cases of emergent imaging where the greater ease and availability of CTE is more
appropriate and less affected by the patient’s clinical condition which may create
motion artifact on MRE.

CTE demonstrates findings visible on MRE images in the setting of active
inflammation including bowel wall thickening, mural and perienteric edema, seg-
mental mural hyperenhancement, and ulcerations (Fig. 4.14). Associated complica-
tions are also readily identifiable including strictures, fistulas and sinus tracts,
inflammatory masses, and abscesses (Fig. 4.15).

With image acquisition times of <5 s on modern CT systems, CTE is better adapted
to accommodate sick patients without compromising image quality. In addition to
coverage advantages, CTE also features high spatial resolution with slice thickness as
low as 0.5 mm with matching in-plane resolution, which results in isotropic voxels.
This allows for reformatting images with equal image quality in any imaging plane.
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Fig. 4.15 Coronal CT enterography image (a) showing wall thickening with increased mural
and mucosal enhancement in the terminal ileum (arrows in a and b) and upstream small bowel
dilatation consistent with a stricture with active inflammation. There is an associated adjacent
abscess (arrowheads in b). There were also fistulas to the adjacent small bowel and appendix
(not shown)

One of the main limitations of CTE is the use of ionizing radiation. This is espe-
cially important for patients with Crohn’s disease due to the recurrent nature of the
disease and associated complications which may require multiple imaging studies,
potentially resulting in a large cumulative lifetime radiation dose [79-83]. For this
reason, radiation dose reduction techniques should routinely be implemented for
CTE exams [84]. Methods to reduce CT radiation dose include decreasing the scan
coverage, reducing the tube voltage (i.e., kVp), and reducing the tube current prod-
uct (i.e., mAs). A potential added benefit of reducing the radiation dose by decreas-
ing the tube voltage is more conspicuous hyperenhancement and mural stratification
of inflamed bowel segments, thus improving the identification of abnormal bowel
segments [84, 85]. The trade-off for reducing the radiation dose by decreasing the
tube voltage or tube current product is increased exam noise which can decrease the
interpreting radiologist’s impression of image quality. However, newer iterative
reconstruction techniques and image space denoising techniques can significantly
reduce image noise making low-dose images appear similar to higher-dose images
regarding image noise levels [29, 85-90]. The combination of low-dose imaging
techniques and noise-reduction strategies can result in a substantial decrease in
radiation dose while maintaining the diagnostic accuracy of CT exams.

Aside from the radiation dose, the main limitation of CTE compared with MRE
is the relatively lower tissue contrast (Fig. 4.1). Tissue contrast in CT is much more
dependent on contrast enhancement, and hyperenhancement is less conspicuous
with CT than with MRI. Thus, differentiating inflammation and inflammatory
masses from abscesses requiring drainage is potentially more difficult (Fig. 4.15).
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This limitation significantly limits evaluation of the perianal region and detection of
perianal fistulas. Finally, the relatively large quantity of intravenous contrast
required to achieve adequate enhancement risks complications such as contrast
extravasation or contrast-induced nephropathy in patients that have limited renal
function. However, the risk of contrast-induced nephropathy has declined with
newer low-osmolar contrast agents compared to the high-osmolar contrast agents
used in the past and has likely been inflated by the nature of clinical studies lacking
a control group not receiving contrast material [91].
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MR Enterography and CT Enterography 5
for Detecting Activity and Complications

Ragna Vanslembrouck

5.1 Introduction

Crohn’s disease (CD) is one of the major subtypes of inflammatory bowel disease
(IBD) and can occur in the whole digestive tract, from the mouth to the anus, most
commonly in the ileocolonic region. Periods of active inflammation with clinical
symptoms alternating with periods of clinical remission are typical for this disease.
IBD is caused by an immune dysregulation of the digestive tract and results in
chronic inflammation. Persistent mucosal inflammation is thought to be the basis of
progressive and disabling bowel damage. Typical symptoms of abdominal pain,
cramping, diarrhea, bloody stools, weight loss, fever, and fatigue can result in a
decreased quality of life. The severity and chronicity of this disease can lead to
severe bowel wall destruction with the development of strictures and internal pen-
etrating disease, a potential source of great morbidity.

Assessment of disease location, extension, activity, and severity of inflammation
is important for clinical management. Several studies demonstrated a poor correla-
tion between clinical symptoms, endoscopic findings, and biological activity in
CD. It is well established that the CD activity index (CDAI) and the C-reactive pro-
tein (CRP) do not reflect the intestinal lesions in CD. A new “treat-to-target” strategy
is based on the hypothesis that the treatment of endoscopic mucosal inflammation
not only improves symptoms but also decreases the long-term burden of disease. It is
important to detect active inflammatory lesions and determine the severity, because
data have reported that mucosal healing is correlated with better disease prognosis:
less disease relapses, less hospitalizations, and less surgery [1-3].

Currently, endoscopy is the most essential study, the golden standard, in the diag-
nosis and assessment of IBD but has several limitations, such as the invasiveness,
the risk of complications, the difficulty to perform total ileocolonoscopy in case of
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stenosis and adhesions or severity of inflammatory lesions (the right colon can be
explored in 90% of subjects, and it decreases to 75% for the terminal ileum) [4],
and the impossibility to visualize the whole bowel wall and extraintestinal
complications.

The small bowel follow-through and enteroclysis used to be the radiological
imaging methods of choice for evaluating the small bowel in CD, but since the
increasing development of cross-sectional imaging techniques in the last decades,
CTE and MRE have become vital tools and the most effective methods in the non-
invasive assessment of small bowel in patients with CD, complementary to endos-
copy and biopsy.

5.2 Imaging Findings of CD Activity and Complications into
Imaging Findings of CD Activity and Complications on
CT Enterography and MR Enterography

5.2.1 Active Inflammation

Several parameters suggest active inflammation in Crohn’s disease (CD) on both
CTE and MRE, including increased mucosal hyperenhancement, bowel wall thick-
ening, ulcerations, mural hyperenhancement, and mural stratification [5-8].

Increased mucosal enhancement/hyperenhancement (Fig. 5.2b, c) is one of the
earliest signs of activity on MRE and is associated with mild to moderate edema. It
can be seen with or without bowel wall thickening.

In the early stage of active inflammation discrete mucosal lesions, such as aphtoid
lesions, erythema, friability, and other non-ulcerative lesions are present. Even in a well-
distended bowel loop, aphtoid lesions are not visible on both CTE and MRE, neither on
CT enteroclysis nor MR enteroclysis where more bowel distention is obtained.

In the progression of active disease, deep ulcers develop and penetrate into the deep
layers of the bowel wall, the submucosa, resulting in submucosal infiltration of inflam-
matory cells and edema. The presence of ulcerations suggests severe inflammation.
Longitudinal and transverse ulcerations surrounding inflamed but not ulcerated mucosa
create “cobblestoning” or inflammatory pseudopolyps (Fig. 5.1c). The latter are easily
seen in a well-distended bowel on CTE and MRE as contrast-enhancing nodules. The
presence of “cobblestoning” is suggestive of advanced and severe CD.

In an optimal distended bowel loop, mural thickening is present when the
bowel wall is greater than 3 mm. Mural thickening (Fig. 5.1a, b) is an important
finding of active CD inflammation. It can be caused by inflammatory cell infiltra-
tion, bowel wall edema, and/or fibrosis. Bowel wall edema can be detected on
MRE as a high signal in the submucosa on T2-weighted images (T2-WI) and is
suggestive of severe inflammation, although the absence of this increased T2
signal does not exclude the presence of active inflammation. Submucosal high
signal on the T2-WI can be caused by edema or by infiltration of fat (Fig. 5.2a—
¢), which can be differentiated by performing additional T2 fat suppression
sequences. The high signal on T2 will remain high on the fat-saturated images in
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case of edema, and there will be a signal drop, if submucosal fat deposition is
present, suggestive of chronic inflammation.

The degree of bowel wall thickening is correlated with the severity of CD
inflammation.

Increased bowel wall attenuation (Fig. 5.1a, b), compared to adjacent normal
small bowel loops, is nonspecific but one of the most sensitive CT and MR findings
for active CD inflammation. These parameters can be asymmetrical, due to the pref-
erential inflammatory involvement of the mesenteric side of the bowel wall
(Fig. 5.4a), and the latter is probably a characteristic finding in CD [9].

Mural stratification (Fig. 5.1a, b) is a three-layered pattern of contrast enhance-
ment and consists of strong enhancement of the mucosa, relatively poor-enhancing
submucosa and strong enhancement of the serosa [10].

Fig. 5.1 A 53-year-old female patient with severe, extensive, active Crohn’s disease in the ileum
on CT enterography with the following mural and extramural features: circumferential wall thick-
ening, increased mural enhancement, mucosal hyperenhancement, mural stratification, enhancing
pseudopolyp (arrow on the coronal image, ¢), “comb sign,” and fibrofatty proliferation
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Fig. 5.2 A 55-year-old man with severe, extensive, stenotic, and long-standing active-on-chronic
CD in the ileum and right colectomy. Axial T2 HASTE image (a) shows an important wall thicken-
ing of the ileum with important submucosal fat infiltration (arrow), suggesting long-standing CD.
Coronal (b) and axial (c¢) fat-suppressed 3D T1 GRE images show a stenotic distal ileal segment
with severe wall thickening, mucosal hyperenhancement, mural stratification (arrow), “‘comb
sign,” and fibrofatty proliferation

Associated CT and MR parameters suggesting active inflammation include
increased mesenteric fat density and increased T2 intensity due to inflammation of
the mesenteric fat or mesenteric edema surrounding the inflamed bowel segments
and free fluid. Edema in the mesenteric fat and the presence of free fluid on MRE is
best detected on the T2-WI with fat suppression, as a permanent high T2 signal.

Dilated vasa recta, so-called comb sign, is created by the perpendicular passage
of engorged vasa recta vessels to the bowel lumen and is the result of increased
blood flow through the vasa recta to the inflamed bowel segments (Fig. 5.4a). The
“comb sign” has been reported to be associated with higher C-reactive protein levels
and more intensive medical therapy compared to CD patients with normal vascula-
ture [11].

Increased attenuation of the mesenteric fat and “comb sign” both correlate with
clinically advanced, active, and extensive CD.

Fibrofatty proliferation is another characteristic feature, appearing as an increased
quantity of mesenteric fat, producing a mass effect on adjacent loops, predomi-
nantly along the mesenteric side of the bowel, as a result of edema and infiltration
of inflammatory cells in the perienteric fat. Fibrofatty proliferation may persist in
non-active CD.

Enlarged and increased enhancing mesenteric lymph nodes are frequently seen
in patients with active and inactive CD, often surrounding the diseased bowel seg-
ments, especially around the ileocolic vessels, given the preferred side of CD
inflammation (Fig. 5.3b).
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Fig. 5.3 A 55-year-old man with active CD inflammation of the distal ileum. Coronal true FISP
image (a) shows severe wall thickening, “comb sign,” and lymph nodes in the adjacent mesenteric
fat. Coronal (b) and axial (c) fat-suppressed 3D T1 GRE images show additional increased mural
enhancement, mucosal hyperenhancement, and mural stratification. Axial diffusion-weighted
image (d) with b-value of 1200 s/mm?, consistent with restricted diffusion (arrow). Overall find-
ings are indicative of active inflammation

In our experience the presence of “comb sign” and/or increased number of lymph
nodes can help in the detection of bowel inflammation in under-dilated bowel seg-
ments, often the case in jejunal and/or proximal ileal bowel loops, where wall thick-
ness is not so evident compared to distal small bowel segments.

A prospective study with 100 patients with mild and moderate disease evaluated
small intestinal CD lesions by comparing MR enterocolonography (MREC) with
enteroscopic findings in the jejunum and proximal ileum [12]. This study showed
good diagnostic accuracy for the detection of lesions of any degree of severity in the
small intestine. There was no significant difference in the sensitivity and specificity
for active lesions in the terminal ileum compared to the other small intestinal seg-
ments. They suggest the need for assessing CD lesions in deep small intestine, given
their comparable endoscopic detection of active lesions, not only in the terminal
ileum but also in the more proximal ileal segments, and their mild correlation
between (active) endoscopic lesions and the CDAI. Another study from the same
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group also found a positive correlation between endoscopic and MaRIA scores for
the detection of lesions of any degree of severity in the small intestine [13]. MRE
has proven to be useful for detecting active disease and assessing the severity of CD
lesions, but most of the data has been derived from comparing endoscopic findings
from the terminal ileum and colon.

A recent retrospective study compared imaging features on CTE and MRE in
histologically proven active CD in children and adolescents [14]. Two mural imag-
ing features, thickening of the bowel wall and hyperenhancement, were evaluated,
both performed similarly well on CTE and MRE. On the other hand, the perienteric
features evaluated in this study, comb sign, perienteric edema, and fibrofatty prolif-
eration, performed worse on MRE compared to CTE. These results suggest that the
mural abnormalities are more reliable imaging findings on both CTE and MRE,
whereas perienteric features, which rely on the visualization of smaller structures,
are less reliable on MRE compared to CTE. The latter can be explained by the fact
that there are a decrease in spatial resolution, a higher susceptibility to motion arti-
facts, and a higher variability in image quality on MRE compared to CTE.

Diffusion-weighted imaging (DWI) can differentiate an inflamed bowel from a
normal bowel. On DWI, an inflamed bowel wall is restricted i.e. appearing brighter
on these T2-weighted images compared to a normal bowel (Fig. 5.3c, d). Diffusion
restriction is a nonspecific sign of CD bowel wall inflammation, but when other
typical findings of CD bowel wall inflammation are present on T2-WI and/or on the
contrast-enhanced T1-weighted images (T1-WI), then restricted diffusion is an
additional finding that is suggestive for severe CD inflammation.

Apparent diffusion coefficient (ADC) mapping permits quantitative assessment
of these sequences. It is still not clear if DWI has an added value over the standard
T2-WI and the dynamic contrast-enhanced imaging.

Multiple studies have evaluated the accuracy of DWI in the diagnosis and deter-
mination of the severity of active inflammation in CD [15, 16]. Most studies suggest
a high degree of accuracy in CD evaluation. It has been suggested that DWI, alone
or in combination with other sequences, especially T2-WI and intravenous contrast-
enhanced T1-WI, can increase MRE’s sensitivity in detecting active inflammation,
especially for lesions with mild severity [17-19].

The accuracy of DWI is more variable and lower in the colon than in the small
bowel, mainly the specificity; this may be explained by the presence of air in the
colon lumen, creating more artifacts. The latter may be reduced by better colon
preparation and a water enema.

DWI can in some cases be used as an alternative to gadolinium [15, 18], such as
in patients allergic to gadolinium, decreased renal function, and pregnancy. However,
well-distended and well-prepared bowel areas are needed to avoid DWI-MRE false-
positive results. DWTI is a sequence with relatively long acquisition time (making it
more sensitive to bowel motion) which may be reduced with intravenous antiperi-
staltic agents before imaging. Another disadvantage is the presence of T2 shine-
through effects, spontaneous high signal intensity of bowel content, present in the
bowel lumen [16]. ADC can differentiate between diffusion restriction and T2
shine-through: ADC will be low in case of diffusion restriction and high in case of
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T2 shine-through. The latter can be reduced by using high b-values and short echo
times. The use of respiratory triggering or free-breathing acquisition is variable.

5.2.2 Stricturing Disease

A stricture is a small bowel segment with narrowing of the bowel lumen and preste-
notic dilated bowel. Upstream dilation is a helpful tool in suggesting a fixed or a
transient stricture.

In patients with active CD, stenotic bowel lesions or strictures may occur due to
bowel wall infiltration of inflammatory cells, edema, and bowel spasm but are more
frequently present in patients with fibrostenosing disease due to fibrosis and muscle
hypertrophy [6-8, 11]. Dynamic contrast-enhanced sequences on MRE provide
additional information compared to CTE, especially in terms of any possibility to
differentiate active inflamed bowel wall from fibrotic tissue. Active inflammatory
strictures are represented with mural hyperenhancement, more severe bowel wall
thickening, and mural stratification, whereas chronic fibrostenotic strictures are rep-
resented with a thinner wall, hypointense on T1 and T2 sequences, absence of edema
and local “comb sign,” lower bowel wall enhancement, and possible submucosal fat
deposition, a sign of chronic disease [20]. An increased retention of contrast in
fibrotic tissue is seen on the delayed phase sequences.

Differentiating active from chronic strictures is important for therapeutic manage-
ment. Active strictures are generally treated medically and chronic strictures in most
of the patients surgically or by endoscopy depending on the length, location, and
aspect of the stenotic lesion. Short stenosis with a non-curved shape, within the reach
for endoscopy, can easily be dilated. However active disease and fibrosis are often
found in the same patient and even in the same diseased bowel segments, so super-
imposed mucosal enhancement may be present in fibrotic strictures. The majority of
strictures in CD have both an inflammatory and fibrotic portion secondary to repeated
inflammation and repair [9]. A recent, prospective, unicentric study of 31 patients
showed good results in differentiating fibrotic from inflammatory strictures and in
distinguishing different grades of fibrosis, by using magnetization transfer imaging,
compared to contrast-enhanced MRE sequences and DWI, with histopathologic
evaluation as reference standard [21].

It remains difficult to estimate what is most present in which stricture, in terms
of the contribution of inflammation, fibrosis, and smooth muscle hypertrophy. A lot
of research has been done on this topic, but none of the investigated imaging tech-
niques has been completely validated.

DWT1 is restricted in both inflammatory and fibrotic strictures, and ADC measure-
ments don’t seem to help to differentiate them [16].

A benefit of MRE over CTE is that multiphase cine imaging allows assessment
of bowel motility and can offer additional information in the differentiation between
fixed stenotic lesions and temporary luminal narrowing. Bowel dilatation proximal
to a stenotic segment helps confirm the functional importance of this stenotic seg-
ment, although not all bowel dilatation is related to fibrotic strictures. When a fixed



84 R. Vanslembrouck

stricture with obstruction is present distal to a fistula, the fistula is not going to close
as long as the fixed stricture occurs [20].

In addition, strictures should be evaluated carefully to exclude or identify under-
lying malignant tumor, considering the increased incidence of bowel malignancies
in patients with CD [9].

All previous features are important and they influence therapeutic decision-making.

Penetrating and stricturing disease are strongly associated. Penetrating disease
occurs strongly in patients with strictures associated with active inflammation.
When a fistula is detected, an inflamed and stenotic bowel segment with prestenotic
dilatation is nearly always present. Penetrating complications are nearly always
present at the proximal side of the stricture.

5.2.3 Penetrating Disease

As disease progresses, deep ulcers penetrate through the whole bowel wall, extend-
ing in the adjacent mesenteric fat and creating a sinus tract. A sinus tract ends
blind, becoming a fistula tract when connecting with other bowel loops or struc-
tures (Fig. 5.4b). A fistula can be single or complex with multiple tracts, with
angulated or tethered aspect of the affected bowel loops (Fig. 5.5a, b). These fistu-
las can further complicate in an inflammatory mass or an abscess and rarely in a
free intraperitoneal perforation. The presence of sinus tracts and fistulas indicates
severe active CD.

Fig.5.4 A 36-year-old female patient with severe, extensive, long-standing active-on-chronic CD
in the distal ileum. Coronal fat-suppressed 3D T1 GRE image (a) with pseudosacculation of the
antimesenteric wall of the inflamed ileal segment. Coronal true FISP image (b) shows complex
fistulas between ileal loops, with angulated and tethered aspect or “star sign”
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Fig.5.5 A 52-year-old female patient with severe, long-standing active-on-chronic ileal CD. Axial
true FISP image (a) and axial fat-suppressed 3D T1 GRE image (b) show complex fistulas between
ileal and sigmoid loops in the adjacent mesenteric fat, with tethered aspect or “star sign”

A sinus tract is a blind-ending inflammatory tract that can connect with another
structure, fluid-filled cavity, intra- or extra-abdominal space, becoming a fistula. On
CTE and MRE, they present as linear or tubular contrast-enhancing tracts without
or with connection to, for example, other bowel segments (small bowel, colon, and
stomach), bladder, abdominal wall, skin, retroperitoneum and others [6—8]. Fistulas
are well seen with DWL.

The perianal fistula is the most common fistula in CD (see Chap. 8).

Recent data report a higher incidence of perienteric mesenteric inflammation and
perienteric fluid collection in patients with enteroenteric fistula, caused by rupture
of lymphatic vessels or reactive to the inflammation in the surrounding tissues [22].
Enteroenteric fistula should not be confused with peritoneal adhesions, which are
often seen in CD and can cause bowel obstruction. Fistula is thicker and enhances
faster than fibrotic adhesions [6]. When enteroenteric fistula heals, a fibrotic adhe-
sion to the bowels may replace the fistula tract. It is mentioned that there is a differ-
ence in the amount and aspect of the mesenteric fat surrounding adhesive and
fistulizing bowel loops: more mesenteric fat is seen between adhesive bowel loops,
and less fat with more beak-like appearance is more frequently seen in fistulizing
bowel segments [22].

An abscess is mostly present in the mesenterium, adjacent to the inflamed bowel,
but can, for example, also develop in the retroperitoneal space or in the abdominal
wall. Abscesses can easily be detected on both CTE and MRE, but CT is often the
first-line examination in acute settings due to limited MRI access and longer exami-
nation time compared to CT. An abscess is well detected on DWI, the pus restricts
the diffusion of water, and ADC values are low.

The detection of the presence of an abscess is crucial and can change treatment
management.

Other extraintestinal findings related to CD can be visualized on CTE and MRE,
such as venous thrombosis of mesenteric veins, portal veins, primary sclerosing
cholangitis, cholecystolithiasis, sacroiliitis, and avascular necrosis, mostly of the
femoral heads [9].
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MRE is mostly performed for the evaluation of small bowel CD; the colon can
be evaluated with endoscopy, with the exception of the presence of a stenotic lesion
in the colon that can’t be passed by the scope. Features of active and chronic inflam-
mation are comparable with those seen in the small bowel.

5.3 Diagnostic Accuracy

The optimal imaging technique should be able to detect and grade activity with high
accuracy and also has the possibility to detect enteric and extraenteric
complications.

CT is a quick accessible, reliable, and fast technique, with better spatial resolu-
tion than MR, and is seen as the most appropriate imaging technique for the evalu-
ation of patients with CD.

Despite several efforts to lower the radiation dose, the use of ionizing radiation
and the need for repetitive imaging during the course of CD are great concerns,
especially because the population consists of young patients. The radiation expo-
sure has been considered the main drawback of CT imaging.

So MRE is in certain settings the first-line radiation-free imaging technique for
the evaluation of CD. MR provides better soft tissue contrast. MRE allows the assess-
ment of the complete digestive tract and offers great patient acceptance and good
reproducibility. The limitations of MRI are the relatively high cost, the overall lack
of availability, low spatial resolution, and susceptibility to artifacts, although these
technical limitations have been reduced to a minimum in recent years. Differences in
types of imaging equipment and MRE scanning protocols have to be considered,
such as bowel filling, image quality, and the use of additional sequences, such as
DWI, cine MRE, etc. Another consideration is the availability of the necessary exper-
tise of the radiologist to perform and interpret CTE and MRE images.

Accurate evaluation of the small bowel on CTE and MRE requires good bowel
distention, obtained with oral contrast. Better bowel distention can be achieved with
CT and MR enteroclysis, but a few technical disadvantages, such as the need for
radiation exposure during the placement of the nasojejunal tube and patients’ dis-
comfort, made us, in our institution, nearly abandon this technique. We rarely per-
form MR enteroclysis in cases of suspected proximal small bowel CD inaccessible
with endoscopy or if insufficient bowel distension can be achieved with oral
contrast.

Multiple studies revealed that CT and MRI both have a high diagnostic accuracy
in the detection of active small bowel CD and that there is no statistically significant
difference between CT and MR in the detection and assessment of small bowel CD
activity and complications [23, 24]. There is also a high accuracy for detecting post-
operative recurrence for both techniques, especially when there is a stenotic anasto-
mosis, impossible to evaluate adequate with endoscopy.

Individual signs of active inflammation have varying sensitivity and specificity
and they are all useful. CTE is highly accurate in detecting bowel wall thickening,
evaluating bowel wall enhancement, and detecting aforementioned local vascular
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and mesenteric changes. MRE is very accurate in detecting mural thickening, muco-
sal and mural hyperenhancement, mural edema, “‘comb sign,” mesenteric changes,
and lymph nodes. Compared to a surgical resection specimen, there is a good cor-
relation with the presence of strictures, fistulas, and abscesses, compared to findings
both on CTE and MRE. A limitation in detecting early mucosal disease, both on
CTE and MRE, even with good bowel distention, was mentioned in several studies.
In studies evaluating the detection of intramural fibrosis, there is definitely a role for
MRE, but reliable data is still missing.

Bowel wall enhancement and bowel wall thickening are most specific for active
inflammation. DWI is very sensitive for detecting activity; data have suggested that
the combination of T2 sequences and DWI can accurately detect activity without the
need for gadolinium [19]. Although DWI is very sensitive in detecting activity, it
reduces the specificity of MRE [15, 18, 19]. DWI is inadequate as a stand-alone
technique but can be helpful when combined with other sequences: it may increase
MRE sensitivity for detecting inflammation, especially for non-severe lesions [17—
19]. Wall thickening (>3 mm), edema, and ulcerations are very specific for severe
CD, and edema is most specific [19]. Perienteric inflammation is probably also
specific for severity. The more individual signs are present and the more the most
relevant are present, the more severe the disease. Other signs like lymph nodes,
“comb sign,” and motility are not so specific because these features also depend on
location, duration of the disease, age of patient, and other factors.

Detecting activity is not sufficient to guide therapeutic decision making; disease
severity is a crucial factor in most of the current therapeutic algorithms.

The presence or absence of ulcerative lesions is an important factor as end point
of the disease given their prognosis in the course of the disease, hospitalizations,
and the need for surgery.

In a prospective study of 50 patients with mild and severe active and inactive
ileocolonic CD, Rimola et al. compared several MR parameters of active inflamma-
tion with endoscopic findings, to determine the MR signs that best describe the
presence of endoscopically active disease and the presence of severe disease, and
proposed the magnetic resonance index of activity (MaRIA) that highly correlated
with endoscopic disease [25]. These MR parameters are wall thickness, relative
contrast enhancement, and the presence of edema and ulcerations. There is a cutoff
value of 7 or more for determining active disease and a cutoff value of 11 or more
for the assessment of presence of severe disease, in a segment-by-segment analysis.
The evaluation of wall thickness and the assessment of relative contrast enhance-
ment (RCE) are essential for the detection of active inflammation, but the presence
of edema and ulcerations is necessary for the assessment of the severity of the
inflammation. This index underwent an internal and external validation in an inde-
pendent cohort [26]. Although this score does not reflect the overall burden of dis-
ease, it can be considered as the most validated tool for assessing CD inflammation
by MR. This and other proposed scoring systems, such as Clermont score and
MEGS, are used in clinical studies to give a quantitative indication of active inflam-
matory CD’s improvement or the opposite. A more simplified version of these
scores is preferable for the use in daily practice.
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5.4  Assessment of Treatment Response

The therapy end points for CD are developing gradually over the years [27, 28]
because of the growing availability of therapeutic options for the treatment of IBD.

The goal of treatment would be trying to change the natural history of IBD by
preventing and delaying disease progression.

Remission in IBD is still evolving. The state of remission could be defined as a
state without biological evidence of inflammation, including histological and radio-
logical inflammation, a state with no or little risk of disease progression.

Improving disease symptoms used to be the goal in clinical practice and trials for
many years. But treating patients’ symptoms seemed to be insufficient, because
patients experienced disease progression and bowel wall destruction.

More recently, mucosal healing, complete or partial healing, was suggested as
treatment end point. Patients with mucosal healing have better long-term outcome,
in terms of a decrease in active disease, reduction of long-term risk of corticosteroid
usage [3, 29], and lower rates of hospitalizations and/or surgeries, compared to
those without mucosal healing.

Trying to treat both clinical symptoms and inflammation, achieving deep remis-
sion [2] is a newer composite treatment end point. Patients achieving deep remission
have better long-term outcome, compared to those only achieving clinical remission
or only mucosal healing.

CTE and MRE are used in monitoring response to therapy in CD. There is a good
correlation between endoscopic mucosal healing and CTE and MRE findings.

Both CTE and MRE have been shown to identify transmural radiological
response with medical therapy.

CTE parameters that can decrease or even disappear during therapy include a
decrease in bowel wall thickening and bowel wall enhancement, decrease in length
of the disease, and decrease in dilatation of the vasa recta and perienteric fat
stranding.

Several studies evaluated the effects of treatment on bowel wall lesions in active
CD on CTE. Bruining et al. [30] evaluated, in a retrospective study several CTE
abnormalities such as bowel wall enhancement and length of disease, and showed
that 63% of patients had a significant radiologic therapy response to infliximab. In
another retrospective study of 50 patients, Wu et al. [31] showed that some CTE
abnormalities, like bowel wall thickening and mural hyperenhancement, decreased
significantly after antibiotic and immunosuppressive therapy in correlation with
clinical, endoscopic, pathologic, and laboratory findings.

An increasing number of studies show the utility of MRE in guiding treatment.
MRE is a good tool for assessing response to therapy in CD patients.

The first study that evaluated the efficacy of MRE in therapy response was in
1999. The two MRE parameters that showed a significant decrease during therapy
in that study were wall thickness and contrast enhancement of the bowel wall.

In a prospective study in 2014 of 48 patients with active CD, Ordas et al. [1]
evaluated changes of MRE parameters after corticosteroids or antitumor necrosis
factor agents, at baseline and week 12, with ileocolonoscopy as reference standard.
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Quantification of disease activity on endoscopy was done using the Crohn’s Disease
Endoscopic Index of Severity (CDEIS) and using the magnetic resonance index of
activity (MaRIA) on MRE. This study demonstrated a good correlation between
endoscopic achieved by mucosal healing and the resolution of mural and extramural
findings on MRE, such as wall thickness, edema, contrast enhancement of the bowel
wall, enlarged lymph nodes, fat stranding, and “comb sign.”

Stoppino et al. [32] evaluated in a prospective study of 27 patients with moderate-
to-severe CD MRE changes during treatment with anti-TNF, at baseline and week
26, in correlation with endoscopy, clinical evaluation, and C-reactive protein levels.
They also found a good correlation between MaRIA score, endoscopic score,
Simple Endoscopic Score for Crohn’s Disease (SES-CD), and the clinical-biological
markers. The diagnostic accuracy of MRE for predicting endoscopic healing/remis-
sion was comparable with the findings in the study of Ordas.

In another prospective study of 139 patients with CD in clinical and serological
remission, Takenaka et al. evaluated the whole small bowel and also demonstrated
that MRE is accurate in detecting changes after anti-TNF treatment [33].

CTE and MRE are able to detect changes to therapy, although in patients with
endoscopic healing, there may remain CTE and MRE abnormalities, such as mild
wall thickening, contrast enhancement, diffusion restriction, or others, which should
be considered as residual findings.

5.5 Conclusion

CTE and MRE are the most adequate imaging tools for investigating the small
bowel in patients with Crohn’s disease. They are complementary to clinical and
endoscopic information. These techniques can visualize the whole small bowel and
can detect extraintestinal features if present. These cross-sectional imaging methods
can show the presence, extent, and severity of CD, important information to guide
patient’s treatment.

Acknowledgment Special thanks to Mrs. Elly O’Connor.
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Functional Cross-Sectional Imaging
Techniques in Crohn’s Disease

Shankar Kumar, Nikhil Rao, and Stuart A. Taylor

Abstract

Imaging Crohn’s disease poses significant challenges, particularly in precisely
defining disease activity and monitoring the adequacy of therapeutic response.
Observations based on the structure of the bowel and extra-enteric tissues are the
mainstay of radiological interpretation. However, functional techniques which
extract information beyond simple anatomy also show considerable promise and
may contribute to individualised management of Crohn’s disease patients. In this
chapter, we summarise the importance and challenges posed by cross-sectional
imaging of the bowel, focusing on magnetic resonance enterography (MRE). We
then consider MR techniques that provide functional evaluation of the bowel
over and above structure, including diffusion-weighted imaging (DWI), dynamic
contrast-enhanced (DCE) imaging and assessment of bowel motility. Finally, we
summarise the emerging data on the potential utility of positron emission
tomography-magnet resonance imaging (PET-MRI) and positron emission
tomography-computed tomography (PET-CT).

6.1 Introduction

Crohn’s disease (CD), an idiopathic inflammatory bowel disorder, can affect any
part of the gastrointestinal (GI) tract from the mouth to anus [1-4]. Classically,
there is a discontinuous pattern of inflammation with diseased segments separated
by areas of unaffected normal bowel, termed ‘skip lesions’. Inflammation confined
to the small bowel accounts for around 30% of cases, another 20% involve only
the large bowel, with the remainder involving both the small bowel and colon [5].
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The phenotype of CD is highly diverse ranging from superficial mucosal ulceration
to penetrating transmural inflammation, inflammatory and fibrotic stricturing dis-
ease, fistula and abscess formation as well as a plethora of extra-intestinal manifes-
tations [6—8]. These macroscopic bowel changes have been utilised in cross-sectional
imaging to identify and quantify structural transmural damage and disease activity
[9, 10].

At the microscopic level, there are many well-recognised features seen in CD
including an increase in lamina propria cellularity, oedema, crypt irregularities,
inflammatory cellular infiltrate, increased microvessel density, granuloma forma-
tion, lymphoid aggregates, changes in mural perfusion and fibrosis [11]. These his-
topathological changes underlie the utility of functional MRI techniques considered
in this chapter.

In the following discussion, we will first briefly review the importance and chal-
lenges posed by imaging the structure of the bowel by cross-sectional imaging, with
a focus on magnetic resonance enterography (MRE). This is covered in depth in
other chapters. We will then consider MR techniques that provide functional evalu-
ation of the bowel over and above structure, including diffusion-weighted imaging
(DWI), dynamic contrast-enhanced (DCE) imaging and assessment of bowel motil-
ity. We then review emerging data on the potential utility of positron emission
tomography-magnetic resonance imaging (PET-MRI) and positron emission
tomography-computed tomography (PET-CT).

6.1.1 The Importance and Challenges of Enteric Assessment
in Crohn’s Disease

Accurate characterisation of disease status is fundamental to optimised patient man-
agement [1, 4]. This principle holds true across the full spectrum of CD care, from
preoperative planning [12] to serial reassessment in patients receiving immune
modulators [13]. The unpredictable, progressive and relapsing nature of the disease
process requires periodic lifelong evaluation by radiological and endoscopic means
[1,8,9, 14].

As discussed in other chapters, computed tomography (CT) enterography is a valu-
able technique, offering high-resolution imaging from a single breath-hold, and its
high diagnostic yield is well described [15-18]. However, as detailed below, many
functional cross-sectional imaging techniques such as assessment of motility or
dynamic contrast enhancement require multiple image acquisitions at high temporal
resolution, and given its associated radiation burden, the role of CT in functional
bowel imaging is currently limited. This is particularly relevant in CD given that most
patients present when young, with a peak incidence between 15 and 25 years [19].
Audits suggest approximately 10% of CD patients are exposed to potentially harmful
doses of radiation [20], with over 15% acquiring a cumulative radiation dose that
potentially increases their risk of cancer by over 7% [21]. Most of the data regarding
functional imaging in CD has been acquired using radiation-free techniques, such as
small bowel ultrasound and MRI, with an emphasis on the latter [22, 23].
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6.1.2 Routine Applications of MRE

As discussed in previous chapters, MRE of the small bowel affords a high-tissue-
contrast examination with multiplanar assessment of the abdomen and pelvis, with-
out radiation exposure, and is increasingly used in clinical practice for assessment
of disease activity, extent and complications and for monitoring response to therapy
[24-26].

6.1.2.1 Technique

A full description of MRE technique and sequence selection is given in Chap. 5. In
brief, enteric luminal distension is achieved by oral ingestion of a hyperosmolar,
biphasic liquid [27]. This permits luminal distention for the duration of the exami-
nation with low signal intensity on T1-weighted sequences, permitting visualisation
of small bowel enhancement and high signal intensity on T2-weighted sequences to
identify bowel wall thickening. Sufficient luminal distension is vital as collapsed
bowel can obscure or even mimic disease [23]. Modern scanners facilitate rapid
acquisition of images, and a typical protocol may include fast spin echo (FSE)
T2-weighted sequences (with and without fat saturation), steady-state free-
precession gradient echo (SSFP GE) sequences without fat saturation and unen-
hanced and gadolinium-enhanced T1-weighted sequences. Typical sequences and
an example of a good quality examination are illustrated in Fig. 6.1.

Fig. 6.1 MRI sequences in a standard MRE protocol; (a, b) Coronal steady-state free precession
gradient echo (SSFP/Trufi) with good terminal ileum (white circle) distention. (¢) Axial T2 Trufi.
(d, e) Coronal and (f, g) axial T2 half-Fourier single-shot fast echo (HASTE) sequences with/
without fat saturation, respectively
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6.1.2.2 Interpretation of MRE

Routine clinical evaluation of MRE is based predominantly around the structure of
the bowel and extra-enteric tissues. Morphological observations such as bowel wall
thickness and the signal on T2- and post-contrast T1-weighted images form the
bedrock of interpretation. As discussed fully in Chap. 10, various MRE activity
scores have been developed and validated to aid phenotyping of disease activity in
order to optimise delivery of target-directed therapy [28-30]. Examples include the
magnetic resonance of activity (MaRIA) score (1.5 x bowel wall thickness
(mm) X relative contrast enhancement (RCE) + 5 x oedema +10 x ulceration), the
Crohn’s Disease MRE Index (CDMI) (1.79 + 1.34 mural thickness score + 0.94
mural T2 signal score) [31] and its extended derivative, the magnetic resonance
enterography global score (MEGS) [32]. MaRIA and CDMI are both reproducible
between radiologists and highly sensitive for detecting and grading active CD [31,
33, 34]. At present, however, such scores are used mainly for research rather than in
routine clinical practice.

Despite this emphasis on the structural information afforded by MRE, a range of
functional techniques have been developed which further probe the underlying
pathophysiology of CD, such as cellularity, vascular changes and peristaltic activity.
Such techniques have potential as imaging biomarkers of inflammatory activity,
both for disease phenotyping and therapeutic monitoring.

6.1.3 Diffusion-Weighted Magnetic Resonance Imaging (DWI)

6.1.3.1 Basic Principles Underpinning DWI

Diffusion of water molecules in biological tissues reflects the underlying architec-
ture and histological properties [35]. Evaluating the diffusion of water molecules
can therefore be exploited to model internal tissue structure and physiology. Changes
in water motility occur as a result of interactions with cell membranes and macro-
molecules and changes in the tissue environment, which alter the Brownian motion
and distribution of fluids. Pathological processes such as inflammation can disturb
and alter the relative amount of diffusion occurring in the affected area. The differ-
ences in the diffusional properties between tissues can therefore be interrogated to
reveal pathophysiological abnormalities and are the principles underpinning
diffusion-weighted magnetic resonance imaging (DWI). Since its inception in 1985,
DWTI has evolved and is employed in many clinical applications, including neurora-
diology, oncological and, more recently, in abdominal imaging [36].

Acquisition of DWI sequences utilises a T2-weighted fat-suppressed MR sequence
in combination with a diffusion gradient, measured by a diffusion coefficient, the
b-value [37]. As the b-value increases, there is a corresponding reduction in the signal
in areas of free diffusion. Conversely, increasing the diffusion coefficient results in a
slower decline of the signal in areas of restricted diffusion such as areas of increased
cellularity. The acquired images undergo post-processing to extract parametric maps,
and signal decay is modelled. Most commercial MR scanners make use of the mono-
exponential fitting method, which offers a single parametric map referred to as the
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apparent diffusion coefficient (ADC) map [38]. By providing numerical values, ADC
mapping permits quantification of diffusion restriction.

6.1.3.2 Application of DWI in Crohn’s Disease

DWTI has potential to provide information related to tissue perfusion, vascular leak-
age and water diffusion in CD. The inflammatory process in CD results in infiltration
of the lamina propria and submucosal layer by lymphoid aggregates and inflamma-
tory cells [11]. The resultant increase in cellularity, viscosity, granuloma formation
and dilated lymphatics, all contribute to altered diffusion. Characteristic ulceration in
CD is also associated with lymphoid aggregation, increased cell density and reduc-
tion of the extracellular space, all factors that can also restrict diffusion. This restricted
diffusion manifests as high signal on high b-value images with corresponding low
ADC values on ADC maps and is typically seen in active CD. However the exact
microscopic basis for diffusion restriction in CD remains incompletely understood
[28]. It is known, for example, that fibrosis also reduces the ADC, and bowel wall
perfusion also likely influences the signal such that DWI does not simply reflect
inflammatory activity [39]. Nevertheless, multiple studies using a range of reference
standards have shown restricted diffusion in actively inflamed bowel segments
[40-46].

DWI may have both clinical and research applications in CD. It has potential to
improve MRE sensitivity for disease detection, and thereafter in assessing disease
activity and response to therapeutic interventions. Finally, it may mitigate against
the need to administer intravenous contrast.

6.1.3.3 Technical Aspects

Unlike routine MRI protocols which are now relatively well standardised, the techni-
cal parameters used for DWI remain heterogenous. Both 1.5-T and 3-T scanners can
be used and both platforms appear adequate. Most studies use a single b-value or
multiple b-values, with the highest ranging between 500 and 1000 s/mm?, although
there is a dearth of data pertaining to the optimal values [23, 28]. Feng et al., for
example, reported that a high b-value of 1500 s/mm? was most suitable on their 3T
platform [47].

Fasting is recommended between 2 and 6 h before the examination, to minimise
peristalsis. Although it is feasible to perform DWI without antiperistaltic agents [48,
49], recent prospective data revealed that omission resulted in significantly reduced
sensitivity for detecting bowel inflammation and underestimation of the extent of
disease [50]. Adequate bowel distension, generally considered essential for a suc-
cessful enterographic examination, is achieved by administering an oral contrast
agent 45-60 min prior to image acquisition (see Chap. 5) [23]. Enteroclysis tech-
niques, which require intestinal intubation under fluoroscopic guidance with associ-
ated radiation burden, have not yielded superior accuracy [51] and are therefore not
recommended in routine protocols [23]. Only a handful of studies have reported on
the fidelity of DWI for CD in the absence of an oral contrast agent, with varying
success [42, 46, 52]. However, routine use of oral contrast is generally adopted, aid-
ing standardisation and increasing consistency of results [28].
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It is recommended that the patient is placed prone when performing DWI to
improve distension of the bowel and to minimise both peristalsis and motion arte-
fact, although superior accuracy compared to the supine position is yet to be for-
mally demonstrated [53]. Some patients tolerate the prone position poorly, and there
is an increased risk of vomiting, but otherwise this is the preferred posture for acqui-
sition of images [23].

DW images are most often taken in the transverse plane as they are less prone to
motion artefact than those acquired coronally. Navigator-trigger techniques or
breath-holding can be used, with the advantage of reducing breathing motion arte-
fact. However, these approaches increase acquisition time because images can only
be obtained in certain respiratory phases, and potential reductions in signal-to-noise
ratio can therefore impact on image quality. A signal averaging technique is there-
fore frequently employed, permitting the patient to breathe freely whilst images are
acquired, increasing the signal-to-noise ratio. The use of free breathing protocols is
therefore widespread [23].

Fat saturation or suppression techniques are important adjuncts to DWI to nullify
the intrinsic high signal of mesenteric fat due to its short T1 relaxation time. The
methods used are variable, but commonly a spoiler gradient is employed which
saturates the fat signal, thereby suppressing it.

The DWI sequences performed at our institution are provided in Table 6.1.

6.1.3.4 Technical Limitations of DWI

Artefacts may be encountered when performing enteric DWI for several reasons.
The required long acquisition times can result in motion artefacts. Gating tech-
niques, faster imaging acquisition methods such as echo planar or parallel imaging,
the use of antiperistaltic agents prior to the examination and novel motion compen-
sation software algorithms are all strategies that can be employed to mitigate this
[28]. The T2 shine-through effect is due to the intrinsic high signal of fluid within

Table 6.1 Typical sequences utilised at our institution, for DWI and motility imaging

Siemen symphony 1.5T

Sequence TE/TR Slice thickness (mm)
T2 Trufi
— Coronal 20 measures (CINE) 1.95/3.89 10
DWI axial b0, 600 free breathe 86/3600 5
ADC 86/3600 5
Philips Achieva 3T/motility sequences
BTFE
— Cine 1.8/3.7 6x5

— One image per second

— Three to four blocks; six slices
DWI axial bO-600 free breathe 51.4/2429 5
ADC 85/3600 5

Trufi true fast imaging with steady-state precession, DWI diffusion-weighted imaging, ADC apparent
diffusion coefficient, BTFE balanced turbo field echo
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the bowel lumen and/or bowel wall and can give the appearance of restricted diffu-
sion if only high B value images are reviewed. It is important to correlate with ADC
maps where areas of restricted diffusion (low ADC) can be differentiated from areas
of T2 shine-through (which exhibit a high ADC value). T2 shine-through effects can
be minimised by using short echo times and high b-values.

6.1.3.5 Detecting Active Bowel Inflammation in Crohn’s Disease

Many studies have explored the efficacy of simple qualitative evaluation of DWI to
identify active CD, both in the small [29, 40, 42, 44, 45, 54—60] and large bowel [29,
40, 42, 44, 46, 55, 57-60]. They differ in their standard of reference for disease
activity and variably employ conventional imaging, surgical findings, histopathol-
ogy, endoscopy and MRE activity scores. They also differ in how they define abnor-
mality on DWIimaging. Most compare the bowel wall signal to an internal reference
such as adjacent normal bowel [40, 61] or the spleen [55, 62], for example. Some
use a binary yes/no to define active disease [55] (Figs. 6.2 and 6.3), whilst others use
grading systems from 1 to 4, for example [61]. The calculated ADC is also used by
some studies, with heterogenicity in suggested cut-offs for active disease.
Comparison across studies is therefore rather challenging.

Overall, the reported diagnostic performance of DWI is variable, with studies
citing sensitivities and specificities between 68—100% and 51-100%, respectively.
A systematic review and meta-analysis incorporating studies up to March 2015 con-
cluded that although DWI sequences had good sensitivity in detecting inflammatory
CD lesions, specificity was compromised [63]. The overall reported sensitivity and
specificity were 92.9% (95% CI, 85.8-96.6%) and 91% (95% CI, 79.7-96.3%),
respectively, but the authors noted significant heterogeneity across studies. Those
studies not blinding readers to conventional sequences and/or using contrast-
enhanced MRE as the standard of reference reported higher accuracy than studies
not employing this methodology. Indeed, restricting the analysis to only studies
using an endoscopic or a surgical reference standard resulted in an overall sensitiv-
ity for DWI of 84% with specificity of 73%. The relatively low specificity for DWI
was underlined by a study by Kim et al. using a colonoscopic standard of reference
[55]. Although adding DWI to conventional sequences increased sensitivity from 62
to 83% (mainly due to detection of subtle mucosal disease in the colon), specificity
fell from 94% to just 60%. Most false positives occurred in the colorectum. The
jejunum is another common site of DWI false positives, likely related in part to
inadequate bowel distension (Figs. 6.4 and 6.5), and lymphoid hyperplasia of the
terminal ileum can also be indistinguishable from active CD on DWI [64].

6.1.3.6 Quantitative Assessment of Inflammation

The ability of DWI to quantify the severity of bowel inflammation in CD has also
been explored. Various groups have either used stand-alone ADC values on their
own or combined DWI with morphological parameters from conventional MRE
sequences. For example, the Clermont score comprises ADC values and several
conventional MRE observations and is defined as 1.646 x bowel thickness
—1.321 x ADC + 5.613 x oedema +8.306 x ulceration +5.039 [40]. The Clermont
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Fig.6.2 Typical appearance of a long segment (>10 cm) of very active terminal ileal (white arrow
and circled area) Crohn’s on conventional sequences and DWI. Mural thickening, oedema and
ulceration are shown on axial Trufi (a) and HASTE sequences without (b) and with (¢) fat satura-
tion. Axial DWT images show increased mucosal signal on (d, B = 0; and e, B = 600 s/mm?). The
ADC map (f) confirms a corresponding low signal area of restricted diffusion (white circles)

score is highly correlated with both the MaRIA [40, 45] and the Simplified
Endoscopic Score for Crohn’s Disease (SES-CD) [54, 65].

Again, given the lack of a single reference standard for Crohn’s disease activity,
authors have assessed DWI against a variety of reference standards, including MRE
parameters [44, 66] and activity scores [40, 45, 54], endoscopic scores [54, 62, 67]
and histopathological systems derived from surgical specimens [39]. In general,
most studies report high correlation between DWI-/ADC- and MRE-derived activ-
ity scores and weak to moderate correlation against independent standard of refer-
ence such as endoscopy or histopathology. In study of 55 terminal ileum segments,
Caruso et al. compared both the Clermont score and ADC to the reference standards
of MaRIA and SES-CD. The correlation coefficients between Clermont and ADC



6 Functional Cross-Sectional Imaging Techniques in Crohn’s Disease 101

Fig. 6.3 Utility of diffusion-weighted imaging (DWI) in diagnosing terminal ileal Crohn’s dis-
ease—The terminal ileum is under distended on the (a) axial T2 HASTE sequence, (b) axial
HASTE fat saturated sequence and (c¢) coronal HASTE fat saturated sequence and so indetermi-
nate for Crohn’s disease involvement. (d) Axial DWI-weighted image (B value = 600 s/mm?)
shows abnormal increased linear high signal in the bowel wall suggestive of ileitis

with MaRIA were 0.91 and —0.80, respectively. When using the SES-CD score as
the reference standard, the correlation coefficients with Clermont and ADC were
0.76 and —0.63, respectively [54]. Tielbeek et al. compared ADC to an acute inflam-
mation scored derived from histopathological specimens in 27 bowel segments and
reported a correlation coefficient of —0.33 [39]. Most recently, in a series of 39
terminal ileum segments, Seo et al. noted a correlation coefficient of 0.87, when
comparing a semi-quantitative DWI score with endoscopy [62]. Pendsé et al. found
that faecal calprotectin levels were significantly higher when DWI was abnormal in
the small bowel and/or colon [14]. Of promise, abnormal DWI signal had a sensitiv-
ity of 83% for active CD based on faecal calprotectin as an independent reference
standard, but specificity was disappointing at only 52%.

Although the literature suggests a relationship between DWI signal/ADC and the
severity of bowel inflammation, the relationship is complex, and it is unlikely that a
simple measure such as ADC can ever capture the complexity of the pathological
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Fig. 6.4 False positive DWI, a common finding in under distended bowel, particularly in the
jejunum (arrows), as seen on (a) coronal HASTE and with fat saturation (b). Apparent restricted
diffusion as demonstrated on the DWT and corresponding ADC map (B = 600 s/mm?) (¢, d), but
Cine Trufi T2 (e) sequence slabs show normal motility and distension of the corresponding bowel
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Fig. 6.5 False positive DWI, of the terminal ileum (arrows), which is partially collapsed as seen
on coronal HASTE without (a) and with (b) fat saturation, although little in the way of mural
thickening. Apparent restricted diffusion as demonstrated on the DWI (¢) and corresponding ADC
map (B = 600 s/mm?) (d). The terminal ileum and ileocaecal valve (arrow head) were normal at CT
colonography (e—g)

changes of CD. For example, Tielbeek et al. found that ADC correlated well with
histopathologically quantified bowel wall fibrosis, but not with inflammation [39], a
finding recently reproduced by Li et al. [58].

6.1.3.7 Treatment Response Evaluation
The utility of DWI to monitor the effects of therapy has been investigated by a few
groups (Figs. 6.6 and 6.7). Bhatnagar et al. studied 23 patients monitored by DWI
following treatment with tumour necrosis alpha antagonist therapy. They reported
that ADC values increased significantly in clinical responders, with no significant
change seen in patients who did not respond to immunosuppressive therapy [68].
Similarly, a Korean study of 18 patients found that endoscopic improvement of dis-
ease following medical therapy is associated with reduced mural diffusion restriction
and higher ADC values [69]. Conversely, in a paediatric cohort, Dillman et al.
reported that changes in ADC were just 58% sensitive and 52% specific for identify-
ing response to tumour necrosis alpha antagonist therapy [70].

The utility of DWI to monitor treatment response therefore currently remains
uncertain, and further research is required.



104 S. Kumar et al.

Fig. 6.6 Changes in DWI following treatment. There is a mildly thickened and active terminal
ileal activity in a Crohn’s patient, on coronal HASTE with fat saturation (a) and DWI (b), with
mildly restricted diffusion on the ADC map (c). Subsequent follow-up on treatment 1 year later
(d—f) still demonstrates some mild mural thickening, but the degree of restricted diffusion has
improved to the level of adjacent/background bowel activity (arrows)

Fig. 6.7 Changes in DWI following treatment. There is mildly thickened and active neo-terminal
ileal activity in a Crohn’s patient with an ileo-colonic anastomosis shown on pre- (a) and post-
contrast (b) fat saturation T1 sequences and DWI B = 600 s/mm?) (¢) with moderately restricted
diffusion on the ADC map with (d). Subsequent follow-up 2 years later (e-h) demonstrates
improved features with no mural oedema on fat sat HASTE sequence (f), reduced signal on DWI
(g) and less restricted diffusion (h)

6.1.3.8 Replacement of IV Contrast Administration

Whilst administration of IV gadolinium remains part of standard MRE protocols
(Fig. 6.8) [14], there are concerns about retention in the brain [71], and its use is
occasionally contraindicated, such as in pregnancy, in individuals with documented
allergy to contrast and in those with severely impaired renal function. There is there-
fore interest in replacing IV enhanced sequences with DWI.



6 Functional Cross-Sectional Imaging Techniques in Crohn’s Disease 105

Fig. 6.8 Typical hyper-enhancement of active terminal ileal (arrow) Crohn’s disease after IV
gadolinium administration. (a) Pre-contrast coronal T1-weighted sequences with fat saturation.
Post-contrast (b) coronal and (c) axial T1-weighted sequences with fat saturation show avid pre-
dominantly mucosal enhancement of the terminal ileum

In a non-inferiority study, Seo et al. reported that the diagnostic performance of
T2-weighted images combined with DWI was equivalent to conventional MRE with
T1 post IV contrast images [62]. It should be noted, however, that in this study the
median CDEIS of the terminal ileum was 15.5, suggesting high prevalence of very
active disease. Furthermore, of eight bowel segments with penetrating disease,
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T2-weighted images combined with DWI missed a 2 cm sinus tract and incorrectly
labelled 2.2 cm abscess as a phlegmon and a phlegmon as an entero-cutaneous fis-
tula. All penetrating complications were correctly diagnosed using conventional
MRE with T1 post IV contrast images.

In a paediatric cohort, Dubron et al. also reported that DWI was more accurate in
detecting disease than contrast-enhanced imaging [72]. Notwithstanding these find-
ings some mild lesions that are identifiable with contrast-enhanced MRE may be
poorly detected on DWI [55, 62], In the author’s institution, DWI has replaced
T1-weighted post-contrast imaging in patients undergoing follow-up MRE for
known CD, although this approach remains under investigation [28].

6.1.3.9 What Is the Clinical Role of DWI?

As discussed above, the evidence suggests that DWI used in combination with
either T2-weighted sequences or T1-weighted sequences enhanced with gadolinium
may improve the sensitivity of MRE for inflammatory lesions in CD, particularly if
mild in severity [46, 55, 59]. However, there is an associated reduction in specificity.
Furthermore, there may be no diagnostic advantage over conventional sequences for
detecting more established inflammation, for example, when refining recruitment to
clinical trials [29]. Recent consensus guidelines suggest that the use of DWI in rou-
tine MRE protocols remains optional [14] and, if used, DWI must always be used in
conjunction with conventional MRE sequences.

At the author’s institution, DWI is performed routinely and has replaced IV gad-
olinium in outpatient MRE follow-up of CD patients. We use it as an adjunct to
conventional sequences and to help identify potential subtle disease, particularly in
the colon, and provide a rapid overview of disease status. We do not use formal
ADC measurements but subjectively evaluate DWI-weighted images as part of dis-
ease response evaluation, although priority is always placed on the findings on con-
ventional sequences, notably T2-weighted images. We administer IV contrast in
patients with known penetrating disease and in all hospital inpatients on the assump-
tion that they are at higher risk of extra-enteric complications.

6.1.3.10 Summary

There is good evidence that active CD results in restricted diffusion within the
bowel wall, although fibrosis has a similar effect. Sensitivity for subtle or early dis-
ease may be increased by adding DWI to conventional sequences, but specificity is
reduced using this approach. DWI may have a role as an alternative to post IV gado-
linium sequences in selected patients. The role of DWI in quantifying the severity
of inflammation and assessing response to medical therapy requires further investi-
gation before widespread clinical adoption.

6.1.4 Dynamic Contrast-Enhanced (DCE) Magnetic Resonance
Perfusion Imaging

6.1.4.1 Basic Principles Underpinning DCE

The continual injury and regenerative process that occur in the bowel of CD patients
lead to angiogenesis, driven by inflammation, hypoxia and the immune response
[73]. This in turn results in an influx of inflammatory cells and greater expression of
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endothelial cells, inducing pro-inflammatory mechanisms and cytokine secretion.
Indeed, the role of angiogenesis in CD has been extensively studied for over 50 years
[74] and has been a therapeutic target [75]. Advanced functional imaging techniques
able to estimate angiogenesis and quantify tissue haemodynamics have been invalu-
able in the study of tumour angiogenesis [76], with increasing interest in translating
these methods to CD [77].

6.1.4.2 Applications of DCE-MRI in Crohn'’s Disease

It has long been established that there are marked macro and microscopic vascular
changes in CD. Indeed, conventional angiography has been used in the past for diag-
nosis given the abnormal strictured and tortuous vessel anatomy adjacent to affected
bowel [78], and in the era of cross-sectional imaging, engorgement of the vasa recta
(comb sign) is often associated with active disease [9, 79]. Increased bowel wall
enhancement following intravenous contrast administration on CT, MRE and ultra-
sound has been strongly linked to disease activity [80-82] and, as fully explored in
Chap. 10, forms part of many imaging activity scores.

Studies have also shown that there is increased microvascular (MVL) density
observed in intestinal tissue, which shows positive correlation with CD activity [83,
84]. However, the relationship between neoangiogensis and disease activity is com-
plex. For example, it has been shown that bowel wall enhancement is correlated
with the number of years post-diagnosis in patients with chronic disease and is also
related to tissue hypoxia [85].

In conventional MRE and CTE protocols, images are acquired at one or two time
points after administration of a single bolus of intravenous contrast (Chap. 5). These
permit either qualitative or quantitative assessment of the relative enhancement of
the bowel wall to look for the hyper enhancement associated with CD (Chap. 10).
Dynamic contrast-enhanced imaging conversely acquires multiple images through
the bowel with high spatial and temporal resolution to probe the local haemodynam-
ics of the tissue.

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) in particu-
lar is an established technique that affords the opportunity to probe vascular structure
and function. Applying DCE-MRI to CD to quantify physiological parameters related
to enteric perfusion has the potential to provide greater insights into activity status
than single-time point post-contrast images. Specifically, detailed functional data is
derived from changes in blood flow and vascular permeability, as well as extravascu-
lar volumes. In this way, there is the potential to not only better differentiate active
from inactive disease but also better grade the severity of disease. Furthermore, DCE
imaging technique may play a role in furthering our understanding of the pathogene-
sis of CD and could help tailor therapy on a more individual basis.

6.1.4.3 Technical Aspects

A variety of pulse sequences are available for post-contrast for T1-weighted imag-
ing including inversion recovery, gradient echo, fast spin echo and echo planar
imaging. Gradient echo sequences (2D and 3D acquisitions) are frequently used as
part of MRE protocols (Chap. 5) balancing signal to noise, bowel coverage, tempo-
ral resolution and production of artefacts. Prior to DCE, patient preparation is cru-
cial; ingestion of oral contrast and administration of spasmolytic is routine.


https://doi.org/10.1007/978-3-319-96586-4_10
https://doi.org/10.1007/978-3-319-96586-4_10

108 S. Kumar et al.

DCE protocols acquire multiple images through the bowel wall often for several
minutes (typically around 5-7 min) such that signal intensity can be plotted against
time in the form of a time-intensity curve (TIC). The required temporal resolution is
dependent on the planned analysis method. Simple evaluation of curve shape requires
moderate temporal resolution achievable on most MRI scanners. The more quantita-
tive analysis techniques described below require greater temporal resolution, and
formal pharmacokinetic modelling requires resolutions at least below 5 seconds per
volume [86] and ideally less; protocols achieving less than 1 second per volume are
now possible [87]. It may be necessary to compromise on the volume of tissue inter-
rogated as it is very difficult to image the whole small bowel volume with such high
temporal resolution. Many workers therefore pre-identify the bowel section for DCE
interrogation and limit the anatomical coverage. Thereafter, the problem of motion
correction (peristalsis and breathing) must be overcome. Breath-hold protocols or
those relying on respiratory triggering are often used, but this results in “gaps” in the
data between acquisitions which may impact on quantitation particularly if a “gap”
occurs around the crucial time of peak enhancement. Free-breathing protocols solve
the problem of missing data, but motion correction is challenging. Various correction
algorithms have been used including respiratory tracking (often of the diaphragm),
volume preserving non-rigid registration, principal component registration [88],
robust data decomposition registration [89] and more recently template-based regis-
tration [87]. Simpler approaches such as manually positioned ROIs whilst rejecting
motion-corrupted images are also widely used in the literature.

Even when good quality motion-corrected DCE data is available, analysis is sub-
ject to many potential sources of error. Inhomogeneity in the B1 field is usually
present across the imaged volume which impacts on quantitation. Thereafter, formal
pharmacokinetic modelling requires calculation of the T1 relaxation time, knowl-
edge of contrast volume/rate of administration, measurement or estimate of signal
changes in nearby vascular structures (arterial input function), conversion TIC
curves to concentration curves and finally, mathematical modelling.

It is of note that the linear relationship between iodine concentration and
Hounsfield units means that DCE using CT is potentially more robust than MRI and
is widely used in oncological imaging. However, as discussed above, the radiation
doses associated with CT DCE protocols are currently generally viewed as prohibi-
tive in young patients with non-neoplastic diseases, such as Crohn’s disease.

A range of semi-quantitative measures can be derived from TIC, such as enhance-
ment ratio, slope of enhancement and time to peak, which do not rely on complex
mathematical models but nonetheless do require good-quality DCE data. These
parameters can be rapidly derived but may not be reproducible for inter-patient
comparison, particularly across different MRI platforms. Quantitative measures can
be calculated based on the pharmacokinetics of the contrast agent as it traverses
from the intravascular to extravascular-extracellular space, using mathematical
models [90]. Most workers in CD have used the two-compartment Tofts model [90]
from which commonly reported parameters are K™ and V,, measures of the volume
transfer constant between intravascular space and extravascular-extracellular space
and of extracellular extravascular volume per unit of volume tissue, respectively.
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6.1.4.4 Detecting Active Bowel Inflammation in Crohn’s Disease
Semi-Quantitative DCE

As noted above, in general, increased bowel wall enhancement is a well-recognised

finding suggesting active inflammation in CD [33, 91, 92] and is covered elsewhere

in this volume. As well as facilitating quantitation of physiological parameters of

perfusion, DCE-MRI allows the assessment of bowel wall enhancement with

respect to time.

The literature concerning the use of DCE in CD is subject to the same variations
in applied standards of reference than those described above for DWI. A range of
reference standards have been used including endoscopy, surgical specimens, CRP
and patient activity scores such as Crohn’s Disease Activity Index (CDAI) and
Harvey-Bradshaw Index (HBI). This complicates comparison between studies, but
a defined association between semi-quantitative measures of DCE and disease
activity has emerged.

Pupillo et al. reported a significant correlation between the peak of contrast
uptake and severity of disease, assessed using the Crohn’s Disease Activity Index
(CDALI) [93]. They also noted a positive association between time to reach plateau
and CDALI score, although statistical significance was not reached. In a 16-patient
prospective cohort study, Del Vescovo et al. compared the enhancement kinetics of
the bowel wall parietal layers with the degree of CD activity (measured using CDAI,
CRP and histology) [94]. In patients with active disease, there was a rapid rise of
mucosal-submucosal enhancement, with the peak reached 3 min after contrast
administration. These changes were not seen in those with clinically inactive dis-
ease. These findings have been replicated in other studies comparing both diseased
and normal bowel [95, 96] and clinically active versus dormant CD [97, 98]. Giusti
et al., for example, reported that the maximum enhancement and slope of enhance-
ment were significantly higher in patients with active disease defined using the
CDAI, imaging patients over 6 min after the contrast injection [98]. Similarly,
Rottgen et al. studied 26 patients with histologically proven CD and found that the
slope of the contrast enhancement correlated significantly with local inflammation
evaluated by ileocolonscopy [99]. Florie et al. used a free-breathing three axial slice
protocol through abnormal bowel with a temporal resolution of 4—6 s over 2 min.
They found a significant correlation between the bowel wall enhancement ratio,
clinical grade of CD and the CDALI score [100]. More recently, in a prospective
series of 33 CD patients, Ziech and co-workers described a significantly greater
maximum enhancement in both severe and mild CD when compared to normal
bowel mucosa [101], and using surgical resection specimens, Tielbeek et al. reported
a positive correlation between the T1 ratio, maximum enhancement and initial slope
of increase and a histological transmural acute inflammation score (AIS) [39].

6.1.4.5 Quantitative Assessment of Bowel Inflammation

Promising data from semi-quantitative analysis of DCE as described above has gen-
erated great interest in the possible opportunities afforded by DCE-MRI. Utilising
quantitative, rather than semi-quantitative, measures could provide functional data
directly relating to physiological parameters of vascular perfusion in the bowel wall
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of CD patients. An additional benefit is that comparisons could potentially be made
between patients across different scanners, if the correct QA systems are in place.
However, despite this, relatively few studies have used formal pharmacokinetic
modelling in CD.

A pilot study of 51 bowel segments (19 with inflammation) in 11 patients that
used endoscopic and surgical standards of reference tested a DCE protocol with a
temporal resolution of 5-12 s in which image acquisition was over 5—7 min [96].
Inflamed bowel had greater K™ and V, values than normal bowel. Similarly, in a
study of 21 patients principally designed to compare methods for estimating the
arterial input function, van Schie et al. reported a good correlation between K™ and
CDEIS of 0.73 (p < 0.001) [102].

Zu et al. studied 32 patients with CD and 18 healthy volunteers and compared
DCE parameters against the CRP as a marker of disease activity [103]. K™, K, and
V. were all higher in the CD patients than controls, and both K™ and V, were cor-
related to CRP (r = 0.72, p < 0.001, and r = 0.53, p = 0.002), respectively.

However, a study by Taylor et al. did not corroborate the link between disease
activity and quantitative DCE parameters. They found no correlation between quan-
titative parameters and clinical nor histological markers of inflammatory CD using
surgical resection specimens [85].

These conflicting data highlight the need for further studies to further explore
and clarify the utility of these quantitative measures.

6.1.4.6 Treatment Response Evaluation
There are emerging data assessing the efficacy of DCE-MRI to evaluate response to
therapy in CD. In a study of 27 patients who received tumour necrosis factor alpha
antagonist therapy and followed up by DCE-MRI, Bhatnagar et al. found a signifi-
cant difference in a number of quantitative measures in treatment responders, not
seen in those who did not exhibit a clinical response to treatment [68]. Specifically
K" and slope of enhancement changed significantly in clinical responders but not
in nonresponders.

Similarly, Zhu and colleagues studied 22 CD patients treated by faecal microbi-
ota transplantation (FMT) and found a significant difference in the K"™** and blood
volume, measured by DCE-MRI in those demonstrating a clinical response [103].

6.1.4.7 What Is the Clinical Role of DCE-MRI in Crohn’s Disease?

It is known that enteric contrast enhancement is related to CD activity. Simple quali-
tative grading or signal intensity measurements of a single post-contrast dataset are
effective and widely used in clinical practice. DCE holds promise as a more quanti-
tative method to assess abnormal perfusion associated with CD, but protocols are
relatively complex, requiring high temporal resolution over long periods, usually
with post-processing motion correction. Analysis is prone to error and requires rela-
tively complex modelling. Whilst there is good date suggesting semi-quantitative
parameters are related to disease activity, it is not clear if these add anything to the
simpler evaluation of enhancement on a single-time point post-contrast dataset per-
formed as part of routine MRE protocols. Thus, DCE is rarely used clinically and is
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limited to mainly a research setting. Similarly, formal quantitative modelling of
DCE shows promise as a biomarker of disease activity and marker of therapeutic
response but is to date mainly a research tool. Overall DCE is not currently consid-
ered a mandatory component of MRE protocols but can provide useful quantitative
measures of contrast enhancement and can be used as an experimental adjunct [14].

6.1.4.8 Summary

There are profound vascular changes related to CD. Whilst these are driven by several
factors, data suggests there is a link with inflammatory activity. There is a reasonable
evidence base linking semi-quantitative measures of contrast enhancement with
inflammatory burden in CD. Notwithstanding, quantitative measures that directly
measure physiological parameters facilitate more robust comparisons between
patients. Future studies are needed to clarify the utility of quantitative measures and
further explore the role of DCE-MRI as a means of assessing therapeutic response.

6.1.5 Cine-MRE

Traditional fluoroscopic studies have long demonstrated altered motility in bowel
segments affected by inflammation in CD. However, the clinical utility of this
observation has until recently received little attention as this modality imparts ionis-
ing radiation and lacks methods of quantification, and use has generally fallen out
of favour [104]. The ability of MRI to safely capture bowel motility has however
rekindled interest.

6.1.5.1 Application of Cine MRE in Crohn’s Disease

The bowel wall contains smooth muscle cells which drive peristalsis through coor-
dinated contraction of the circular muscle layer. This is controlled by the plexus
myentericus of Auerbach which has also been described as the “brain of the gut”.
There are broadly two types of contractility with postprandial actions and fasting
activity. Postprandial actions such as peristalsis and segmentation occur after ingest-
ing food to mix it and aid its absorption. Fasted contractility such as the migrating
motor complex occurs between meals and is thought to be for maintaining bowel
health and function.

The underlying mechanisms for reduced motility in Crohn’s affected bowel are
multifactorial, but inflammatory and fibrotic infiltration, neuritis within the bowel
wall and systemic effects of the inflammatory burden mediated via hormonal and
neuronal pathways all likely play a role.

6.1.5.2 Technical Aspects

Hardware and software advances mean that bowel motility can be captured as part of
routine MRE protocols, using standard MRI platforms [105]. The bowel is prepared
using a standard oral contrast agent (Chap. 5), and this contrast volume stimulates
bowel motility. Most commonly, motility is usually captured using 2D fast “cine”
sequence such as T2-weighted steady-state free precession (SSFP) or echo-planar
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cine sequences. Data suggests temporal resolution of one image per second for at least
15 s during a breath-hold is adequate to meaningfully capture segmental bowel motil-
ity [106]. 3D sequences remain under investigation, as do techniques based on the
insertion of “taglines” into the image acquisition to measure motility over time [107].

Images are typically acquired as a coronal slab (usually 1 cm thick) during a
breath-hold, which is repeated after moving the position of the slab to cover the
whole small bowel volume.

The recent advances in MR small bowel motility imaging have mainly been due
to the development of post-processing software solutions that can reliably quantify
motility; visual inspection lacks reproductivity, and manual measurements are pro-
hibitively time-consuming for clinical use [108].

There are various software solutions available such as semiautomated bowel lumen
calibre measurement [109] and displacement mapping [110] which uses registration
techniques to produce a surrogate of motility based on modelling of intensity changes
over time caused by bowel motility and movement of luminal content. One commonly
applied technique uses the Jacobian determinant calculated from the deformation
fields in a manually drawn region of interest over the bowel. In a 2D image, this rep-
resents the area change that each individual pixel in an image undergoes when being
transformed to the equivalent pixel in a reference image (Fig. 6.9) [110].

Fig. 6.9 Quantitative evaluation of dynamic motility data. A dynamic series has been processed
with a specialised non-rigid registration algorithm (GIQuant, Motilent, Ford, UK) to produce a
motility map (a, b white arrows) with areas of high motility attracting a high motility score [¢
regions of interest (ROI) around terminal ileum (black arrow) motility score is 0.055 vs. small
bowel (white arrow) score of 0.343]. The motility score is based on the size of the deformation
field produced by each of the image time points in the series to the registration target image or
reference (d). A visual representation of the deformation fields can be seen in (e). Areas of high
motility will undergo greater deformation over time
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The motility sequence parameters performed at our institution are provided in
Table 6.1.

6.1.5.3 Detecting Active Bowel Inflammation in Crohn’s Disease

Most work researching the use of motility imaging in Crohn’s disease has investi-
gated the link between reduced segmental motility and the underlying inflammatory
burden, although Froehlich et al. tested the additional diagnostic impact of motility
sequences over conventional MRE protocols [111]. In a study of 40 patients with
histologically proven CD, cine MRE was able to identify 35 more CD-specific find-
ings than conventional MRE alone (p = 0.0007).

Menys et al. studied 28 patients with CD, all undergoing cine MRE with true fast
imaging, steady-state precession (true FISP) sequences [112]. A software-quanti-
fied motility index was calculated from the terminal ileum and inflammatory activ-
ity measured using the endoscopic acute inflammation score (eAIS) based on
histological analysis of endoscopic biopsies. Quantified terminal ileum motility cor-
related negatively with both eAIS (r = —0.52, p = 0.005) and an MR activity index
of CD incorporating recognised parameters including T2 signal intensity and wall
thickness (r = —0.7, p < 0.001). Cullman et al. reported similar findings in a cohort
of 43 patients, although also reported that reduction in motility was associated with
chronic as well as acute histological changes in the small bowel [113].

Hahnemann et al. reported that bowel segments with stigmata of CD on MRE had
lower motility than non-affected bowel [114], a finding reproduced by Akerman and
colleagues in 127 nonselected patients undergoing MRE [115]. Motility of the termi-
nal ileum was significantly lower when compared to healthy controls (p = 0.018),
and subgroup analysis revealed that this difference persisted in patients with CD
limited to the small bowel (p = 0.002).

The effect of treatment on motility has also been investigated [116]. In a cohort
of 46 patients undergoing anti-TNFa therapy, responders (defined by change in
physician global assessment, HBI, CRP and MRI activity score) had significantly
greater improvement in segmental motility than their nonresponding counterparts
(p <0.001). Improved MRI-measured motility was 93.1% sensitive (95% CI: 78.0—
98.1%) and 76.5% specific (95% CI: 52.7-90.4%) for anti-TNFo response.
Importantly, improvement in motility occurred as early as 12 weeks, suggesting
motility may improve before some structural markers of activity on MRE.

Crohn’s disease patients often report persistent symptoms such as abdominal
pain, bloating and diarrhoea, even when the disease is in apparent remission with
little or no inflammatory activity. MRI has been used to measure motility in appar-
ently healthy bowel not directly affected by Crohn’s disease in order to investigate
whether aberrant motility underlies such persistent symptoms.

In a prospective study of 53 CD patients, Menys et al. demonstrated a significant
negative correlation between motility variance (i.e. how much variation there was in
the motility of apparently normal small bowel) and patient self-reported well-being
(r=-0.4,p=0.003), pain (r = —0.27, p = 0.05) and diarrhoea (r = —0.4, p = 0.0025)
[117]. There was also a negative correlation with calprotectin, a marker of activity
(r=-0.33, p=0.015), a finding also reported by Bickelhaupt et al. who found con-
traction frequency was inversely correlated to calprotectin levels [118]. These data
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suggest subclinical inflammation may have a systemic effect on general gut motility
likely via hormonal and/or neuronal pathway and is linked to persistent abdominal
symptoms.

6.1.5.4 What Is the Clinical Role of Cine MRI?

There is increasing evidence that reduced segmental small bowel motility is corre-
lated to inflammatory activity in Crohn’s disease and that motility improves with
successful treatment. However, like DWI and DCE-MRI, consensus recommenda-
tions state that motility sequences are optional as part of MRE protocols [14]. In the
author’s institution, motility sequences are acquired routinely and analysed subjec-
tively by radiologists to help grade activity in stricturing disease as an adjunct to
standard morphological criteria and to help confirm normality of poorly distended
bowel loops (Figs. 6.10 and 6.11).

6.1.5.5 Summary

The link between MRI quantified small bowel motility, inflammatory burden and
treatment response is being established. However, multicentre studies are currently
underway to further test this association and to confirm whether it is robust across a
range of patients, MRI scanners and radiological observers. Further mechanistic
research is also underway investigating the use of MRI in quantifying aberrant
bowel motility in symptomatic Crohn’s disease patients. Small bowel motility is an
exciting technique which will likely play an increasing role in the imaging of
Crohn’s disease.

6.1.5.6 PET/MRI and PET/CT

There has been interest in applying hybrid imaging techniques, combining positron
emission tomography (PET) with MRI or CT to CD, inspired by the successes in other
clinical settings such as oncology [119]. A commonly used radiotracer in PET imag-
ing, 18F-fluorodeoxyglucose (18F-FDG), permeates cell membranes via specific

Fig. 6.10 Absent motility in a chronic Crohn’s disease stricture (arrow). (a—¢) Sample images
from a cine motility Trufi sequences through the stricture showing no peristaltic movement
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Fig.6.11 Absent motility in a terminal ileal Crohn’s disease. (a—f) Sequential Trufi CINE images
of the terminal ileum (arrow) show a short segment of terminal ileal disease with minimal motility
in comparison with normal small bowel (arrow heads)

channel proteins and tends to accumulate in regions where there is high glucose
uptake and utilisation, for example, in inflammatory cells [120]. Indeed, 18F-FDG
uptake has been shown to correlate with active inflammation in CD [121]. Hybrid
imaging combining PET with CT is well described, and several studies have shown its
ability to detect active CD in the small and large bowel [122, 123], but the radiation
burden that it confers is a major limitation. In a prospective study of 28 patients using
PET-CT, there was significantly greater radiotracer uptake in areas of active CD when
compared to normal bowel wall segments [124]. Saboury et al. correlated FDG PET
parameters with an endoscopic score of disease activity in 22 patients and found sig-
nificant correlation between CDEIS and standardised uptake value (SUV) max [125].
Using MRI as a standard of reference, Russo et al. investigated PET-CT for treatment
follow-up [126]. Thirteen patients underwent PET-CT and MRI before and 12 weeks
after starting antitumour necrosis factor-alpha therapy. There were significantly
greater falls in SUV ,,, in those who responded than in those who did not.

The possibility of amalgamating the anatomical detail afforded by MR with the
detailed physiological molecular data that PET provides, thereby minimising radia-
tion exposure, is highly appealing. To date, few studies have evaluated the clinical
utility of PET/MRI, and whether it leads to an incremental benefit over performing
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these studies alone remains unclear [127]. Pellino et al. compared the accuracy and
clinical impact of PET/CT with PET/MRI and MR alone, in a prospective study of
28 CD patients [128]. Despite all three modalities being equally accurate in detecting
active disease, PET/MRI was more accurate than PET/CT in detecting fibrotic and
extra-luminal disease. The latter translated to significantly reduced operating times,
with a direct impact on clinical outcome. In a retrospective study of 19 CD patients,
the same research group evaluated PET/MRI to discern fibrotic and inflammatory
stricturing disease using the gold standard of histology from surgical specimens
[129]. The authors found that the multiplication of the PET/MRI biomarkers of sig-
nal intensity (SI), PET maximum standardised uptake value (SUV,,,) and ADC was
significantly different between the fibrosis only, active inflammation and fibrosis
with active inflammation groups. Their observation that PET/MRI could differentiate
between fibrotic disease with minimal inflammation and fibrosis with a high associ-
ated inflammatory burden could be of considerable practical importance, as these
clinical entities are managed in different ways [130]. The findings were, however, at
odds to those of a previous study which found no difference in the ability of PET,
MRI or US to classify the nature of Crohn’s strictures [131].

6.1.5.7 Summary

Undoubtedly, more studies are needed to assess the role of PET/MRI in CD.
Differentiating inflammatory from fibrotic strictures is a promising potential applica-
tion accepting that PET does expose patients to radiation. Furthermore, combining
the morphological detail of MRI, along with advanced sequences like DWI and
DCE-MRI and the metabolic data from PET, could offer exciting means of acquiring
detailed functional data in CD.

6.2  Chapter Summary

Routine clinical evaluation of MRE is based predominantly around the structure of
the bowel and extra-enteric tissues. However, techniques capturing the functional
abnormalities in the bowel show considerable promise, particularly DWI and motil-
ity imaging. PET MRI remains under active investigation. Perhaps the most promis-
ing potential role of functional techniques is in the assessment of disease activity
and therapeutic monitoring. More research is needed, for example, to confirm the
reproducibility of functional techniques across institutions and to confirm the diag-
nostic benefit over standard MRI evaluation, but it seems likely that they will play
an increasing role in the evaluation of CD.
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Abstract

Imaging plays a key role in the comprehensive assessment of bowel structural
damage. Radiology is fundamental to confirm the initial diagnosis and the extent
of disease along the digestive tract. Moreover, imaging is a critical tool in the
monitoring of the response to drug therapy. In this chapter, technique, indications
and limitations of the major imaging methods used in the assessment of CD
(ultrasound, computed tomography, magnetic resonance imaging) are reviewed.
A special focus is dedicated to the detection and quantification of bowel fibrosis
and bowel wall damage with CT and MRI. Future perspectives are finally
reviewed according to the latest developments in imaging technology.
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7.1 Introduction

Crohn’s disease (CD) is a destructive, progressive, and disabling inflammatory bowel
disease (IBD), potentially involving the gastrointestinal tract from the mouth to anus.
Some segments are more involved than others, like ileum and the proximal colonic
tract [1]. It is a lifelong condition, progressive but with a typical intermittent activity,
characterized by prolonged remission intervals and sudden aggressive recurrences.
Despite a purely inflammatory onset of the disease, over 30% of patients develop
bowel fibrogenesis (11-44% already at the time of diagnosis) [2], due to the poorly
controlled healing process triggered by chronic transmural inflammation. The exact
biological mechanisms of fibrosis deposition are still under investigation, but latest
evidences confirmed the synergic role of TGF-beta, VEGF, PDGF-alpha, PKC, RAS,
RAF, and ERK proteins drawing a complex interplay of genetic, microbial, and
immunological factors. Abnormal deposition of extracellular matrix (ECM) is the
end product of these molecular cascades, resulting in strictures, scar formation, and
tissue distortion. Unfortunately, since bowel fibrosis is irreversible and not respon-
sive to available medications, it usually requires surgical resection with a cumulative
anatomical and structural damage. Like fibrotic strictures, fistulae are also common
complication of the chronic inflammatory pattern of CD resulting in a permanent
bowel damage that usually requires surgery which removes complications but causes
further structural damage [3]. Disease eventually recurs in 17-55% of patients at
5 years and 72-73% of patients at 20 years after surgery, leading to new surgical
resections in up to 11-32% of cases at 5 years and 46—-55% of cases at 20 years [4],
with consequent increase in the cumulative bowel damage, loss of quality of life, and
disability [5].

The CD phenotypes are classified as non-stricturing non-penetrating [B1], stric-
turing [B2], and penetrating disease [B3], according to the Montreal classification
[6]. Longitudinal follow-up studies have shown that only 40% of patients classified
in the B1 group won’t evolve in the stricturing or penetrating group [7, 8]. Prevention
of organ damage through an early effective therapy represents a crucial endpoint
beyond long-term clinical remission that can impact on the long-term evolution of
the disease [9, 10].

7.2  Structural Damage

Imaging plays a key role in the comprehensive assessment of bowel structural dam-
age. Firstly, it is fundamental to confirm the initial diagnosis (f.e. to distinguish
Crohn’s disease from ulcerous colitis) and the extent of disease along the digestive
tract. Secondly, cross-sectional imaging techniques allow to assess and track the
progression of extraintestinal CD manifestations. Moreover, imaging assesses dis-
ease activity in CD patients with symptomatic recurrence and represents an impor-
tant tool in the monitoring of the response to drug therapy. Given its chronic nature,
CD needs careful lifelong monitoring to successfully prevent complications and
offer the best treatment for the patient. Imaging plays a major role in this continuous
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assessment, providing an accurate anatomic description of the location and length
of CD lesions along the digestive tract, and recently also functional features of the
disease have been collected, thanks to the achievement of functional MRI sequences.
With many drug therapies for CD being investigated and introduced in the clinical
practice, imaging has established as a tool to monitor the response to CD therapy
and the progression of bowel damage [11-13]. Routine medical imaging for CD
includes high-resolution ultrasound, CT-enterography, and MRI-enterography.
Endoscopy is also a valuable technique to describe the bowel mucosa but provides
just the mucosal assessment with a limited access to the small bowel. Similarly,
video-capsule endoscopy does visualize the entire small bowel but cannot provide
tissue sampling, and it is contraindicated in obstructed patients. All these intrinsic
limitations of the endoscopic assessment make transmural examinations like CT
and MRI the two fundamental imaging techniques to yield a rigorous and compre-
hensive assessment of CD.

Bowel damage in Crohn’s disease (CD) is referred as a spectrum of heteroge-
neous lesions involving all intestinal layers, ranging from irreversible fibrotic stric-
tures causing luminal narrowing with prestenotic dilatation to abscess, fistulas,
aphthous, and deep ulcers [14, 15]. Moreover, active inflammation can coexist with
irreversible fibrotic or penetrating lesion [16, 17]. Taking into consideration the
Montreal classification, bowel damage is defined as the progression from B1 to B2
and B3, which occurs in the 30-60% of cases in the long term [18]. Bowel damage
can be also defined as the presence of strictures, fistulas, or abscesses [14].
Measuring cumulative bowel damage is critical to understand the progression of the
disease and to draw an effective treatment plan to prevent it. CD typically starts with
a non-stricturing non-penetrating pattern (B1) and evolves to stricturing and/or pen-
etrating during the disease course (B2-B3) [8]. However, stricturing or penetrating
complications are present in up to 20-50% at onset, suggesting that early diagnosis
and early treatment may be crucial to prevent from structural damage and disease
progression. Moreover, as stated by Fiorino et al. [14], the presence of CD-related
complications detected by cross-sectional imaging at diagnosis is associated with
higher risk of surgery and hospitalizations compared to those without complica-
tions. Cross-sectional imaging techniques are the best modalities to depict bowel
damage. In particular, US and MRI seem to have the best reproducibility and high
sensitivity and specificity in detecting intestinal and extraintestinal damage espe-
cially in proximal small bowel, without the risk related to ionizing radiations [19].
On the other hand, if MRI and CT can confidently describe extra-luminal complica-
tions like abscesses, fistulas, or the perianal disease [20, 21], endoscopy is comple-
mentary to imaging in the detection and evaluation of intraluminal complications,
like fibrotic intestinal strictures [22, 23]. The International Program to develop New
Indexes in Crohn’s disease (IPNIC) group has worked in the last decade on the inte-
gration of MRI findings with endoscopy and clinical history of previous surgery.
These efforts lead to the development of the active measure of CD bowel damage,
the Lémann index [24], a classification index-based endoscopy, imaging findings
(CT and MRI), and surgical history. The Lémann index takes into account strictures,
penetration by ulcers, fistulas, abscess, and surgical resection of bowel in each
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segment for the four CD locations (upper digestive tract, small bowel, colon/rectum,
perianal/anal). One major advantage of the Lémann score with regard to other clas-
sification systems (e.g., the Montreal classification) is the possibility to quantify the
severity of the structural bowel damage. This is particularly useful when measuring
bowel damage progression with repeated assessments over time.

7.3  MRITechnique and Assessment of Bowel Damage

Bowel damage is the result of both active and chronic phases of the disease. The active
phase is characterized by exacerbation of clinical symptoms laboratory and markers
indicative of active inflammation. When assessing bowel damage, MRI plays the fun-
damental role. 1.5 T or 3 T MR enterography provides both morphological and func-
tional information through conventional MR sequences and dynamic contrast-enhanced
(DCE) MRI with diffusion-weighted imaging (DWI). An MRE-based score (MR
index) has been developed that has proven to be useful in measuring the activity and
severity of CD, alongside the currently used validated endoscopic scores [25]. The
MR index has a high accuracy for the detection of disease activity and the detection of
ulcerative lesions (Fig. 7.1).

In the acute inflammatory state, MRI shows wall thickening >3 mm (due to acute
inflammation or fibrosis), ulcerations, fistulas, and mural and peripheral edema all
characterized by hyperintensity in T2-W fat-suppressed/fluid-sensitive sequences,
surrounded by a halo of T2-W intermediate signal (Fig. 7.2).

The acute edematous wall can cause stricturing even in the acute phase of the
disease, mimicking a chronic fibrostenotic stricture.

Common findings of chronic CD are the fibro-fatty changes of the mesentery,
fibrotic strictures, and fistulas, which are better displayed with fast spin echo or
contrast-enhanced T1-W sequences. The degree of inflammation correlates well
with the hyperintensity on T2-W due to edema, the presence of ulcerations, and
blurred margins. By acquiring contrast-enhanced CT or MRI, an early submucosal
and serosal hyperenhancement together with the edematous submucosa make the
bowel wall appear thickened and markedly layered, with a target appearance. These
characteristics of active inflammation are positive predictors of response to anti-
TNF agents. Moreover, a significant association exists between T2 hyperintensity,
ulceration, inner wall hyperenhancement, blurred margin, wall thickness, and
degree of histological inflammation. Since CD is a transmural pathology, a diffuse
enhancement may be seen extending toward the mesentery during the active phase.
Finally, deep ulcers appear as a high-signal T2-W serpiginous images that alternate
with thickened mucosal folds (the so-called cobblestone appearance) [26, 27].

Parameters like the presence of edema, ulcers, pseudopolyps, lymph node
enlargement, mural thickness, T1-W bowel wall ratio, T2-W bowel wall ratio,
DCE MRI maximum enhancement (ME), initial slope of increase (ISI), time to
peak (TTP), and apparent diffusion coefficient (ADC) on DWI allow for a compre-
hensive evaluation of CD-related damage [27]. A moderate and significant correla-
tion was found among mural thickness, T1 ratio, T2 mural/CSF ratio, ME, ISI, and
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Fig. 7.1 (a) Coronal, (b) axial, and (c) sagittal planes in a T2-W sequence showing a distal
ileum involvement of CD with stenosis, wall thickening, submucosal edema, and perivisceral fat
stranding. (d) T2-W FS shows submucosal edema. MRI findings are consistent with active
inflammation

inflammation [27]. Moreover, mural thickness, T1 ratio, T2 mural/CSF ratio, ME,
ISI, and ADC values also showed significant differences between grades of fibro-
stenosis. T2 mural/CSF ratio can be used to discriminate between inflammation
and fibrosis. Interestingly, mural thickness and T1 ratio correlated with both AIS
and FS in the study by Tielbeek et al. [27]. These findings support the hypothesis
that inflammation and fibrosis are not excluding processes [28]), even in the same
bowel segment [29, 30]. Also DCE MRI correlated well with the histopathological
specimens in assessing CD activity, since ME and ISI correlated well with a
histopathology-based reference standard. DCE MRI confirms to be of additional
value to the conventional MRI protocol in order to facilitate better grading of
Crohn’s disease activity.

Finally, accurate detection and grading of bowel fibrosis are pivotal to optimize
patient’s selection for potential responsiveness to antifibrotic agents that are now
under clinical validation [31-33]. CT and MRI gave similar results for the detection
of bowel wall thickening >3 mm. MRI easily detects signs of bowel wall edema in
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Fig.7.2 T2-W sequence in coronal (a) and axial (b) view shows sigmoid involvement of CD with
stenosis and wall thickening. T1-W after Gd administration shows extensive wall enhancement, in
coronal (¢) and axial plane (d)

T2W and has been shown to be as sensitive as CT in the evaluation of extraintestinal
abdominal signs of CD, such as involvement of perivisceral fat and abdominal ade-
nopathies. In the evaluation of enteroenteric fistulas, CT accuracy is similar to MRI,
although for both techniques sensitivity, specificity, and accuracy have been
described as less than 50%.

Finally, neither CT nor MR is sufficiently sensitive and specific for the detection
of purely mucosal lesions, and there is still not enough evidence supporting their
alternative role to endoscopy in assessing mucosal healing.

7.3.1 Technical Notes for MRl in CD

MRI, with a 91% of specificity and sensitivity, can be considered as the reference
imaging technology for assessment of CD. Two techniques are traditionally avail-
able: MRI-enterography and MRI-enteroclysis. The latter consists in the adminis-
tration of oral contrast through a nasojejunal tube but has been replaced by the more
common MRI-enterography.

MRI-enterography is the most common MRI technique and is performed after
the ingestion for 1-2 L of hyperosmolar oral contrast solution, like 2.5% mannitol
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solution, barium sulfate, or polyethylene glycol (PEG), with the patient fasting for
at least 6 h. The oral contrast medium appears typically low on T1-W and high in
signal on T2-W. Glucagon can be used as a spasmolytic drug, and a rectal enema
may be useful to increase the visualization of the terminal ileum. Study protocol
includes the acquisition of coronal and axial images using a phased array coil and a
high-field (1.5-3.0 T) magnet. True fast imaging with steady-state precession and
HASTE sequences with and without fat suppression are usually obtained. Fast-
suppressed coronal and axial (or three-dimensional) T1-W breath-hold/VIBE gradi-
ent echo of the abdomen and pelvis are finally required, before and 70s and 7
minutes after intravenous contrast administration, to evaluate the presence of fibro-
sis. Moreover, DWI assessment has been increasingly inserted in the CD MRI pro-
tocol. Being the DWI inversely related to the cell density, an acutely inflamed area
will appear as an area of restricted diffusion (hyperintense) with decreased ADC
values. Despite the discomfort of a large amount of liquid, the high costs of the
examination, the difficulty to hold the breath intermittently, and the long MR acqui-
sition times, MRI provides excellent details of ulcers, mural penetration, wall thick-
ening, hyperemia, and peri-intestinal reactive structures without exposing the
patients to the risks of ionizing radiations.

7.4 Detection of Fibrosis

Fibrosis is the result of a chronic inflammation and is a cause of major complica-
tions like bowel obstruction. Among the many classifications proposed to quantify
fibrosis in CD, the Montreal classification [17] is the most common. CD patients
that develop fibrosis are labeled as Montreal class B2 inflammatory phenotype.

Fibrosis deposition occurs predominantly in deep layers of the bowel. Limited
edema, a compact tissue, and a reduced number and diameter of the vessels com-
pared with the normal mucosa are typical findings inside the fibrotic areas.

Since treatment options are formulated on the discrimination between active
inflammatory and fibrotic-predominant lesions, a major challenge for medical imag-
ing is to differentiate lesions that can still respond to medical treatment (inflammatory-
related) from the ones that benefit only from endoscopic balloon dilatation or surgical
resection (fibrotic-related bowel thickening) [3, 34, 35]. At this regard, both MRI and
CT can detect fibrosis with direct and indirect signs, but MR enteroclysis is signifi-
cantly more sensitive than CT (with and without contrast administration) to detect
intestinal stricture (sensitivity 57% vs 42%, specificity 82% vs 68%). Postoperative
recurrence of fibrostenosis has been investigated with CT virtual colonoscopy, but its
diagnostic performance has not overpassed colonoscopy yet.

In order to maximize the visibility of the strictures, enterography technique (CT or
MRI), better if performed after enteroclysis, is the best choice [36]. Pseudosacculations
in the antimesenteric side of the bowel wall indicate presence of fibrosis [37]. Mural
thickness, edema, and stratification have been found to correlate with fibrosis, but a
global agreement has not been met yet.

The intestinal stenotic tract appears thickened, proportionally to the histological
degree of fibrosis, and suffers usually a luminal narrowing. Decrease of signal
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intensity of the thickened bowel wall or low bowel-wall signal intensity, fat-satu-
rated T2-weighted MRI images, and a reduction in bowel-wall early enhancement
or absent or minimal transmural enhancement on gadolinium contrast MR are usu-
ally associated with intestinal fibrosis. MRI can therefore potentially distinguish
between patients with fibrosis and superimposed inflammation and those with
chronic fibrosis [38].

However, signal intensity is not always decreased in T2W within the fibrotic
areas. Higher T2 mural/CSF ratios have been significantly associated with more
inflammation as well as mild fibrostenosis, whereas low T2 mural/CSF ratio is sig-
nificantly associated with low inflammation scores and with severe fibrostenosis.
Decrease in ADC values also correlated significantly with fibrostenosis [27]. Even
if fibrosis is better evaluated with MRI, it still can be detected on CT due to indirect
signs like bowel sacculations, dilatations, and mural thickness.

DCE MRI represents an added value in the assessment of the CD activity. Even
if an early contrast enhancement is not found in the fibrotic areas, later, contrast-
enhanced phase shows a homogenous pattern of enhancement that progresses over
time along with the natural history of the disease (Fig. 7.3).

Rimola et al. described different patterns of enhancement at 70s and at 7 min,
representing the two phases with the higher predicting value for CD activity [39]. At
70 s, three patterns are known: enhancement of superficial (mucosal) layer, homoge-
neous enhancement (all bowel wall enhancing equally), and layered enhancement

Fig. 7.3 (a) T2-W sequence shows rectal and sigmoid wall thickening in patient with CD. (b)
T2-W FS shows submucosal mild edema. (¢) T1-W sequence after Gd administration shows mild
mucosal enhancement in the late phase. MRI findings suggest fibrotic evolution
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Fig. 7.4 (a) T1-W FS after Gd administration shows mucosal enhancement in the venous phase
that does not increase in the late phase (b). No fibrosis is therefore suspected

(both mucosa-submucosa and serosa enhancing, with an in-between band of poor
enhancement). Even if at 70 s the more superficial layers show a slightly increased
contrast enhancement, at 7 min, each layer (deep and superficial) shows a similar
hyperenhanced appearance. A homogenous pattern of enhancement at 70 s, an
increased signal intensity in T2-W, and a progressive contrast enhancement >25%
between 70 s and 7 min have been demonstrated to be a possible indicator of fibrosis
[39], although these findings need to be validated in further studies (Fig. 7.4).

7.5 Ultrasound

Ultrasound (US) is a routine imaging technique for the assessment of CD patients.
Some current applications of US and its implementations like color Doppler and
CEUS are monitoring the activity of the disease, especially in pediatric patients or
when a good-quality MRI scan may be complicated to achieve. A proper US exami-
nation requires a high-frequency probe and a multiplanar image acquisition of the
whole abdomen. A pre-FAST scan is recommended, and a full bladder provides an
acoustic window for the assessment of the pelvic bowel loops. CEUS can provide
information about the microvascular density of the thickened bowel wall since US
contrast agents like polyethylene glycol solution do not have the interstitial phase,
drawing a direct correlation between vascularization and the contrast enhancement
[2, 40-42]. Ultrasound elastography is also showing some potential in evaluating
bowel wall fibrosis and in discriminating between active or chronic inflammation.
Moreover, wall stiffness measurement seems to be an emerging tool to detect the
presence of severe fibrosis in a stenotic intestinal tract [43]. Strain differences in the
pathological bowel tracts have been directly associated with increased muscular
fibers and collagen deposition and allow to discriminate low-grade from high-grade
bowel wall fibrosis in ex vivo human intestinal specimens [44].

Common findings of CD in ultrasound are bowel wall thickening (large bowel
wall >3 mm, small bowel wall >2.5 mm), strictures associated with prestenotic dila-
tation, a decrease of normal peristalsis, duct-like structures representing fistulas,
and fibro-fatty, echogenic, and hyperemic changes of the mesentery associated with
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local lymphadenopathies. A scoring system, the sonographic lesion index for CD
(SLIC), has been recently proposed by Calabrese et al., based on the small intestine
contrast ultrasonography (SICUS), which unfortunately lacks of good reproducibil-
ity due to its complexity, thus limiting its wide adoption [45, 46].

7.6 Computed Tomography

Computed tomography (CT) is a widely available, time-sparing, cross-sectional
imaging method that allows diagnosis and monitoring of CD.

In the active phase of the disease, CT provides visualization of mural stratification
and thickening, submucosal fat deposition, fat stranding around the bowel wall, and
the presence of lymphadenopathies. Since the late 1990s, contrast-enhanced CT has
entered in clinical practice for the evaluation of CD. After injection of iodized intra-
venous contrast medium, wall hyperemia can be quantified, and typical finding of
active inflammation like the “comb sign” due to the distended vasa recta of the intes-
tinal arcades in the mesentery can be found. Deep mural ulcers can be better visual-
ized with MRIthan with CT. On the contrary, acute emergencies like pneumoperitoneum
due to visceral perforation, toxic megacolon with its classic appearance of loss of
haustral folds, mural thinning, and dilation >6 cm are optimally displayed by CT
intestinal and extraintestinal complications of CD like abscess, perforation, fistula, or
bowel obstruction which can easily be described with contrast enhanced CT.

In the chronic phase, fat proliferation can be found in the mesentery as well as
submucosal fat deposition in the affected bowel tracts. Despite the good diagnostic
performance and the relatively inexpensive costs when compared to MRI, CT still
presents the disadvantage of ionizing radiation exposure (reduced from to 15 mSv
to 1-5 mSv when using specific iterative dose reduction techniques in CT scans)
and the discomfort of ingesting a considerable amount of contrast liquid. Recently,
dual-energy CT scan has been used in the evaluation of CD, with slightly better
diagnostic accuracy than conventional CT [47]. Despite these technical improve-
ments, recent studies have demonstrated [48].

Nevertheless, CT still provides higher sensitivity in detecting lymphadenopa-
thies and in assessing the extent of abscesses and to plan their percutaneous drain-
ages. Despite the overall accuracy of detecting active inflammation is comparable to
MRIs, CT is no more considered as the reference imaging method in the initial
diagnosis or to rule out CD complications. The rationale of CT is still to be found,
however, in its favorable ratio between rapidity and diagnostic accuracy and in its
wide availability, which makes it the best option in the emergency setting [49].

7.7 Nuclear Medicine

In severe CD cases, a 18FDG-PET/CT hybrid imaging may be useful for the evalua-
tion of CD as it is highly sensitive in identifying acute inflammation, even more than
MRI in some recent published studies [32, 50]. FDG-PET/CT combined with
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ultrasound resulted in a 100% detection rate of strictures in a recent work by Lenze
et al. [32, 50]. Also, a hybrid approach has been found useful in discriminating
between purely fibrotic, acute inflammatory, and mixed strictures. Imaging biomark-
ers extracted from PET/MRI images like SUVmax, signal intensity on T2-weighted
images x SUVmax and ADC x SUVmax [51]. In particular, ADC x SUVmax > 3000
is the indicated threshold to differentiate purely fibrotic strictures from inflammatory
or mixed ones.

7.8 Future Prospects

State-of-the-art CD imaging allows to noninvasively monitor disease activity and
treatment response (Fig. 7.5).

Latest efforts aim to provide functional information about disease activity in
order to achieve an earlier diagnosis. MRI-based investigations are focusing on

Fig.7.5 Same patient of Fig. 7.1 (a) T2-W sequence in coronal and axial plane (b) shows resolu-
tion of the strictures and of the inflammatory parameters after therapy. T1-W ES sequence after Gd
administration shows only mild wall enhancement
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Fig. 7.6 (a) DWI (b = 800) shows high signal intensity in a proximal sigmoid tract with corre-
spondent ADC restriction (b). (¢) Axial DWI (b = 800) shows no areas of high signal intensity with
no restriction in the ADC map (d) after therapy

interesting technologies like the MR diffusion-weighted imaging and MR magneti-
zation transfer imaging. DW imaging promises to detect early inflammatory changes
or early treatment response (Fig. 7.6).

DWI hyperintensity correlated well with endoscopic inflammation in CD and
may play a critical role in the assessment of patients who cannot bear IV contrast
administration. MR magnetization transfer imaging rose excitement about its poten-
tial ability to discriminate fibrotic scarring from acute inflammation by quantifying
the mean magnetization transfer ratio, which is lower in tissues with active inflam-
mation [38]. Fast cinematic balanced steady-state free precession sequences are
another frontier that needs to be further investigated. In addition to this traditional
protocol, newer MRI techniques have been introduced in the study of CD, like the
automated motility mapping analysis and magnetization transfer MR. As peristalsis
functionality is compromised in CD, its evaluation through particular MRI sequences
is useful to quantify its involvement. Sequences like fast T2-W SSFP or echo planar
with serial acquisition of images every 300—1000 ms during a normal breath-hold
period can assess visually and quantitatively if the normal peristalsis is still pre-
served. One last point has to be dedicated to hybrid imaging. As a raising imaging
modality, MRI can be coupled with a simultaneous positron-emission tomography
acquisition. The PET/MRI scan combines an excellent morphologic portrait of the
pathology with the pharmacokinetic functional information of PET. No strong
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evidence have been presented yet, but the growing interest in the hybrid approach
will provide soon more insights [52]. Ultrasound elastography imaging (UEI) is an
emerging imaging technique which has already showed promising results [53] in
detecting bowel fibrosis in advanced CD. Further validation is needed to guide UEI
into the daily clinical practice.

Endoscopy is not well accepted by most patients, and an alternative, noninva-
sive method to assess mucosal healing would be appreciated. MRI has shown
promising results with the introduction of the magnetic resonance index of activity
(MaRTIA), which correlated well with endoscopic findings [54]. Novel MR bio-
markers could represent the logical next step toward accurate assessment of bowel
mucosa.

In conclusion, the efforts of modern imaging aim to provide a meticulous moni-
toring program of the disease progression and of the early treatment response, in
order to improve the long-term outcome and to prevent irreversible structural
damage.
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MRI of Perianal Crohn’s Disease

Kyra L. van Rijn and Jaap Stoker

Abstract

Perianal disease is a common complication in Crohn’s disease and imaging
helps the clinician in the diagnosis and decisions regarding therapeutic strat-
egy. Pelvic MRI is the recommended imaging modality because of its accu-
racy and advantages compared to other imaging techniques. Specific sequences
and planes are mandatory for adequate assessment of perianal Crohn’s dis-
ease. It is important to understand the perianal anatomy to adequately describe
the anatomical location and extension of fistula. Other aspects in the assess-
ment of perianal disease on MRI include the assessment of fistula activity,
presence of abscesses and proctitis, and assessment of response to therapy.
This chapter provides an overview of technical MRI features, pelvic anatomy,
and different aspects of perianal Crohn’s disease on MRI for an adequate diag-
nostic workup.

8.1 Introduction Perianal Crohn’s Disease

Perianal fistulas are a common complication in Crohn’s disease; about 13—27% of
patients develop perianal fistulas during the course of their disease with an esti-
mated cumulative risk of 26-28% after 20 years and a recurrence in 34% of patients.
In around 17% of patients with perianal Crohn’s disease, perianal fistula is the ini-
tial presentation [1, 2].
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The diagnosis of perianal fistula is based on clinical findings and imaging.
Important aspects in the evaluation of perianal fistula are the anatomic classifica-
tion, assessment of activity, and description of response to therapy [3-5].

Several guidelines, among which global and European guidelines, state that MRI
is the first choice in diagnostic modalities for the assessment of perianal Crohn’s
disease because it is highly accurate and noninvasive [3-6].

MRI has impact on the course of treatment, regarding choices for surgical inter-
ventions and/or drug therapy. Drug therapy consists of biologicals, sometimes com-
bined with other immunosuppressants and/or antibiotics. Surgical interventions are
initially focused on drainage of abscesses and placement of setons to keep tracts
open for drainage, controlling the inflammation while the patient is under biological
treatment and, in selected cases, in later stadia on more definitive surgical proce-
dures, for example, closing the internal opening with a mucosal advancement flap
(MAF procedure) or ligation and transection of a fistula tract via an intersphincteric
approach (LIFT procedure).

8.2  MRIVersus Other Diagnostic Modalities

Other imaging modalities in the evaluation of perianal Crohn’s disease are endoanal
ultrasound (EUS), perineal ultrasound, and an examination under anesthesia (EUA).

Endoanal ultrasound uses an internal transducer and is accurate for the visualiza-
tion of internal openings and tracks close to the anal canal; however, disadvantages
are a limited field of view for more extended fistula tracts and invasiveness restrict-
ing its use to patients without anal strictures. Perineal ultrasound is a less-invasive
alternative but also has a limited depth penetration resulting in inadequate visualiza-
tion of more extended tracts and abscesses. It could have a benefit in the detection
of anovaginal tracts.

A prospective study comparing endoanal ultrasound, MRI, and exam under anes-
thesia reported accuracies of 91%, 87%, and 91%, respectively, and when any two
techniques were combined, a 100% accuracy was reached [7]. Another large pro-
spective study showed that the accuracy of MRI exceeded that of endoanal ultra-
sound and digital examination in the classification of fistulas (90%, 81%, 61%,
respectively) [8]. Comparable sensitivities for MRI and endoanal ultrasound (both
87%) were shown in a meta-analysis but with a higher specificity for MRI (69% vs.
43%) [9]. Perineal ultrasound has not been studied extensively; one study showed
correct detection and anatomical classification of fistulas with a sensitivity of 89%,
but abscesses with a sensitivity of only 50%, resulting in a combined correct detec-
tion and classification in 67% of patients [10].

Advantages of MRI compared to other imaging techniques are the noninvasive
character, overview, and intrinsic contrast resolution. MRI is able to assess the
entire perianal region and pelvic floor (and beyond) including extensive tracts as
well as abscesses and proctitis. Alternatively, endoanal ultrasound can be used for
assessment of perianal disease.
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8.3 Anatomy

It is important to understand the anal and perianal anatomy for the assessment of
perianal disease on MRI.

The anal anatomy is—in its basic form—straightforward, namely, a few cylin-
drical structures, from inside out: epithelium and subepithelium (mucosa/submu-
cosa with muscularis mucosae), internal sphincter, intersphincteric space, and
outermost striated muscle (lower-half external sphincter and upper-half puborectal
muscle (Fig. 8.1)).

The anorectal canal is covered by epithelium, the most distal two centimeters by
squamous epithelium that turns into columnar epithelium at a transition zone, the
dentate line (not visible at imaging). At this transition zone lie the crypts of Morgagni
with the anal glands. There are two hypotheses regarding the etiology of perianal
fistulas, one is the infection of these anal glands which is the cryptoglandular
hypothesis and applies to patients without Crohn’s disease and may play a role in
Crohn’s disease as well [11]. The second hypothesis is that in Crohn’s disease, fis-
tula tracts originate from penetrating ulcerations within the anorectal canal [12].

The internal sphincter consists of smooth muscle and is an extension of the inner
circular muscle layer of the rectum. The intersphincteric space contains fat, connec-
tive tissue, and the longitudinal layer (continuation of the longitudinal muscle of the
rectal wall). The width of the intersphincteric space varies between individuals (can
be slit like and hard to discern on imaging in some) and is also called intersphinc-
teric plane.

The external sphincter consists of striated muscle and can be subdivided in a
deep part, a superficial part and a subcutaneous part; these subdivisions are to a vari-
able extent recognizable at imaging. Cranial to the external sphincter is the puborec-
tal muscle (i.e., is the upper half of the outer anal sphincter), which is a sling that is
anteriorly open with attachment to the pubic bone at each side.

Fig.8.1 Normal anatomy on oblique coronal (a) and sagittal (b) T2-weighted sequences, pointed
out are the external sphincter (ES), puborectal muscle (PR), and levator ani muscle (LA). The
white dashed line represents the anorectal junction, at the transition of the superior border of the
puborectal muscle to the levator ani muscle
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Muscles closely aligned to the anal sphincter include the bulbospongiosus mus-
cle and transverse perineal muscle anteriorly and the pelvic diaphragm superiorly
including the levator plate with pubococcygeus muscle and iliococcygeus muscle
(both part of the levator ani muscle).

The anus is continuous with the rectum, and the anorectal junction lies at the
transition of the superior border of the puborectal muscle to the levator ani muscle
bordering the hiatus. On pelvic MRI, the anorectal junction is most easily recognized
on sagittal and coronal sequences, as the levator ani (iliococcygeus part) on a coronal
sequence extends laterally and cranial towards the pelvic wall on both sides and on a
sagittal sequence the levator ani (pubococcygeus part) posteriorly extends to the coc-
cyx (Fig. 8.1). On axial sequences, visualization of the anorectal junction is not
reached in one plane; it is at the level where there is the change from the cylindrical
structures of the anal sphincter to lateral fanning out of the pelvic floor muscles when
scrolling upward through the images (or vice versa when scrolling downward).

The anal sphincter is surrounded by the ischioanal space (also named ischiorec-
tal space) and perineum (antero) inferiorly and contains mostly fat.

8.4  MRITechnique for Perianal Crohn’s Disease

MRI of perianal fistulas is performed with phased-array surface coils at either 1.5 or
3.0 T (see Table 8.1, examples of MRI protocols). Although endoluminal coils can
be used, the field of view is limited by signal drop-off caused by the small effective
volume of the endoanal coil (Fig. 8.2.). Especially in Crohn’s patients, where tracks
can extend substantially outside the anal sphincter, this can be a limitation. Together
with their limited availability, this narrows their use in clinical practice [13].
Endoanal coils could have a benefit in visualization of the more difficult ano- or
rectovaginal fistulas and for visualizing subtle internal openings because of the local
higher spatial resolution [14, 15] (Fig. 8.2).

8.4.1 Sequences

A T2-weighted sequence is most adequate in visualizing the pelvic anatomy, show-
ing sufficient contrast between the different sphincter components and fistula. The
sequence should be more toward proton-density weighting than strong T2 weight-
ing for better visualization and discrimination of the different anatomical structures,
which help for fistula classification (identification of fluid or granulation tissue is
better with stronger T2 weighting, but the use of a fat-sat sequence precludes the
need for stronger T2 weighting). The external sphincter and puborectal muscle (and
other striated muscles) are relatively hypointense. The internal sphincter is hyperin-
tense compared to the external sphincter on T2-weighted sequences and has a
homogeneous structure.

For the assessment of fistulas, an additional T2-weighted sequence with fat sup-
pression is mandatory as it helps in identifying and assessing the fistula tract and
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Table 8.1 Example of scan protocols at different field strengths with external phased-array coils

Sagittal
T2-weighted
turbo
spin-echo

(a) 1.5 T MRI scanner

TE (ms) |70

TR (ms) | 2500

Turbo 11

factor

Averages |2

Field of 300

view

(mm)

Slice 4

thickness

(mm)

Pixel size | 0.8 x 0.6

(mm)

(b) 3.0 T MRI scanner

TE (ms) |60

TR (ms) | 2500-3000

Turbo 20

factor

Averages | 1

Field of 240

view

(mm)

Slice 3

thickness

(mm)

Pixel size | 0.6 x 0.7

(mm)

Coronal
T2-weighted
turbo
spin-echo

70
2500
11

300

0.8 x0.6

60
2500-3000
20

240

0.6x0.7

Axial
T2-weighted
turbo
spin-echo

70
2500
11

300

0.8 x 0.6

60
2500-3000
20

240

0.6x0.7

Axial
T2-weighted
turbo
spin-echo
with fat
suppression

70
2500

300

0.8x0.6

60
2500-3000
20

240

0.6 x0.7

Axial T1-weighted
turbo spin-echo
with fat saturation
after IV contrast
administration

9.4
600
3

300

1.3x0.9

650

240

0.6x0.7

Fig. 8.2 MRI with endoluminal coil showing the small field of view with signal drop-off (a) but
also the advantage in visualizing the internal opening of a fistula tract (arrow) (b)
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distinguishing fluid and fat. A STIR sequence might be an alternative to a
T2-weighted fat-suppressed sequence, although the detail might be somewhat less
than for a fat-saturated T2-weighted sequence [16].

A T1-weighted axial sequence after intravenous administration of a gadolinium-
based contrast agent is recommended for the assessment of fistula activity and is
important for distinguishing fluid from granulation tissue (Figs. 8.3 and 8.4).

A spasmolytic agent is not routinely used. When endoluminal MRI is used, a
spasmolytic agent is strongly recommended to reduce artifacts by bowel peristalsis.

8.4.2 MRIPlanes

1. Sagittal T2-weighted sequence. This sequence is performed first as it is also used
to set the following sequences referenced to the anal canal.
2. Oblique coronal T2-weighted sequence parallel to anal canal.

.?r

e,

Fig. 8.3 An abscess (arrowhead) on axial oblique sequences: relatively hyperintense on a
T2-weighted sequence (a), hyperintense on a T2-weighted sequence with fat suppression (b), and
rim enhancement (i.e., granulation tissue) with a hypointense content (i.e., fluid) on a T1-weighted
post-contrast sequence (c). On every sequence gas is visible anteriorly as a hypointense area in the
abscess (tailed arrow)

Fig.8.4 Hyperintense collection (arrow) which can be interpreted as fluid or granulation tissue on
a T2-weighted fat-suppressed sequence (a). The contrast-enhanced T1-weighted sequence (b)
shows almost full enhancement indicating a circumscribed area with granulation tissue and very
little fluid (compare to Fig. 8.3)
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3. Oblique axial T2-weighted sequence without and with fat suppression and fat-
saturated T1-weighted sequence after intravenous contrast administration per-
pendicular to the anal canal. It is important to have at least one slice inferior to
the lower border of the anal sphincter and several slices above the anorectal
junction (otherwise for proctitis evaluation, only sagittal and coronal T2-weighted
sequences are available).

8.4.3 Novel Sequences

Over the last years, novel sequences have been tested in patients with perianal
Crohn’s disease which could play an additional role in evaluation, but their use in
clinical practice has not been firmly established.

8.4.3.1 Diffusion-Weighted Imaging (DWI)

DWI is a MRI technique using differences in the diffusion of water molecules and
is hereby able to reflect information on (among others) inflammatory activity. A
study by Dohan et al. showed that DWI (b-values 0, 600 and 1000 s/mm?) is accu-
rate in the detection of abscesses and can differentiate between an abscess with pus
and collection with granulation tissue [17]. A retrospective study of Hori et al.
showed an additional value of DWI (b-values 0 and 800 s/mm?) compared to
T2-weighted sequences alone and in a small sample (n = 13) with a similar accuracy
to (fat-suppressed) T1-weighted imaging with contrast enhancement [18]. There is
until now too limited data to support DWI replacing (fat-suppressed) T1-weighted
imaging after contrast medium, but in clinical practice DWI can be considered in
patients unable to receive intravenous contrast agents.

8.4.3.2 Dynamic Contrast-Enhanced Imaging (DCE)

DCE has the ability to quantitatively reflect tissue characteristics due to its dynamic
evaluation of contrast agent inflow. DCE has been shown to have potential in the
assessment of activity in perianal Crohn’s disease [19]. Preliminary data also
showed that it could be an indicator of early response to therapy [20]. The technique
could be promising, but more research is needed to evaluate its clinical value.

8.4.3.3 Magnetization Transfer (MT)

A very recent topic is magnetization-transfer MRI for perianal fistulas, which
showed to be feasible to distinguish active from inactive fistulas. The technique
should be studied further before conclusions on its clinical applicability can be
drawn [21].

8.5 Assessment of Perianal Crohn’s Disease on MRI
8.5.1 Perianal Fistula
A fistula is an abnormal tract that connects two epithelial surfaces. Perianal fistula

in Crohn’s disease mostly begin in the anal canal and extend to the perineal skin, but
also other types of tracts, like anovaginal tracts, can occur (Fig. 8.5). In Crohn’s
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Fig. 8.5 Anovaginal
fistula (arrows) at an
oblique axial T1-weighted
post-contrast sequence
with fat saturation

disease extensive perianal disease is not uncommon, which is very uncommon in
perianal fistula related to cryptoglandular disease. In a patient with extensive peri-
anal fistula disease and no previous history of Crohn’s disease, the diagnosis of
perianal Crohn’s disease should be considered.

Description of the anatomic location, extension, and disease activity are impor-
tant in the assessment of perianal fistula and have implications for treatment and
prognosis.

8.5.1.1 Anatomic Location and Extension
The location of perianal fistula is basically described in relation to the internal
sphincter and external sphincter/puborectal muscle. Mostly the modified Park’s
classification is used [22] in which fistulae can be classified as submucosal or inter-,
trans-, extra-, or suprasphincteric. A submucosal fistula tract is superficial to the
internal sphincter and does not involve any part of the sphincter muscles (this track
was not defined in the original publication by Parks). An intersphincteric fistula
tract runs from the anal canal through the internal sphincter into the intersphincteric
space and then downward, ending at the perineal skin (it does not transverse the
outer striated muscle layer of external sphincter and puborectal muscle) (Fig. 8.6).
A transsphincteric fistula develops from the anal canal into the intersphincteric
space and then crosses the outer striated muscle layer which can occur at any level
so either through the external sphincter or the puborectal muscle (Figs. 8.7 and 8.8).
A suprasphincteric tract transverses the internal sphincter into the intersphincteric
plane and then goes up above the level of the anorectal junction (i.e., above the
superior border of the puborectal muscle) and down through the levator plate into
the ischioanal fossa and perineal skin. An extrasphincteric tract runs from the rectal
epithelium to the levator plate, ischioanal fossa, and then to the perineal skin; this
track has no involvement of the anal sphincter.

The most common tracts in patients referred for MRI are intersphincteric and
transsphincteric; other tracts are relatively rare findings. An extrasphincteric tract
exclusively develops after prior perianal disease, mostly after surgery.
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Fig. 8.6 An intersphincteric tract (arrow) on a sagittal T2-weighted sequence (a) and oblique
axial T2-weighted fat-suppressed sequence (b)

Fig.8.7 T2-weighted
sagittal sequence showing
a low transsphincteric
fistula coursing through the
lower edge of the external
sphincter (arrows)

Fig. 8.8 Transsphincteric fistula tracts (arrows) with setons (hypointense lines in the tracts on a
coronal T2-weighted sequence (a) and fat-suppressed axial oblique T2-weighted sequence (b)
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The extension of the fistula tracts can be described in different ways. Samaan
et al. divided fistulas in single and unbranched, single and branched, and complex
and the extension as infralevatoric, supralevatoric, or horseshoe configuration,
which is an intersphincteric extension around the internal sphincter filled with fluid
and/or granulation tissue [23].

Another used distinction is in simple (e.g., single-branched submucosal, inter-
sphincteric, or low transsphincteric fistula) and complex fistulas (e.g., fistulas that
are not single-branched or located extrasphincteric, suprasphincteric, or anovagi-
nal) [24].

Other anatomical classification systems exist, like the St. James University
Hospital classification [25] that describes anatomical location, extension, and pres-
ence of abscesses in five grades. To our knowledge this system has not been widely
adopted.

Which classification system to use will largely depend on the local situation;
gastroenterologist, surgeon, and radiologist should use the same terminology and
classification system. Often the modified Park’s classification will be used, and cer-
tain additional features (e.g., abscesses) will be described. Advantages are that it is
used for years and relatively simple. Although good for determining the extent of
disease, this system does not systematically assess the full extent of disease and
does not quantify disease activity (see Sect. 8.4.4 on fistula activity). Therefore it
cannot be used for treatment monitoring such as the system proposed by Van Assche
[26] or Samaan et al.; that system awaits further validation [23].

8.5.1.2 Location Internal Opening
Apart from the fistula classification, the location of the internal opening is important
for a potential surgical intervention. The location of the internal opening in the axial
plane can be described clockwise or be described based on the anatomical location
in quadrants (e.g., anterior, right anterolateral, left posterolateral). When clockwise
description is used, it should be clearly stated that anterior is 12 o’clock to prevent
confusion depending whether surgical treatment is in supine or prone position.
The location of the internal opening in the longitudinal plane is described per
half cm (or in mm) superior to the lowest border of the sphincter complex (i.e.,
external sphincter inferior border). Apart from the description in height as related to
the lower sphincter border, it should be clear from the report where the track trans-
verses the different sphincter structures, especially the outer striated muscles (exter-
nal sphincter, puborectal muscle) in transsphincteric tracks. Additionally, it is an
option to (also) report the distance of the internal opening to the anorectal junction;
this is more important in high internal openings and depending on the preference of
the clinician. As the length of the sphincter complex varies (mean women
56.6 = 8.7 mm, men 55.5 + 8.6 mm measured at endoanal MRI), only height mea-
surements are insufficient to estimate the distance to the anorectal junction [27].

8.5.1.3 Fistula Activity
On a T2-weighted sequence (without and with fat suppression), an active fistula
tract appears as hyperintense, while an inactive fibrous tract appears as
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Fig. 8.9 A fistula (arrow) with hypointense signal intensity on an oblique coronal T2-weighted
sequence (a) and oblique axial T2-weighted fat-suppressed sequence (b) indicates a fibrotic
tract (the tract is also hypointense on a T1-weighted contrast-enhanced sequence but this is not
shown here)

Fig.8.10 A hypointense
fibrous tract (arrow) on an
oblique axial T2-weighted
sequence (the tract is also
hypointense on a
T2-weighted sequence
with fat suppression and
T1-weighted contrast-
enhanced sequence which
are not shown here)

hypointense (Figs. 8.9 and 8.10). Some tracts are hypointense at the T2-weighted
sequence but show some subtle hyperintensity at the fat-saturated T2-weighted
sequence and fat-saturated T1-weighted contrast-enhanced sequence. These tracts
have some remaining activity or reflect the gradual process to complete quiescent
fibrous tissue. This can be discriminated by comparing sequential examinations
and the intensity of the signal.

An active tract contains granulation tissue, fluid, or a combination. A track with
only fluid and no granulation tissue will be rarely if ever encountered; a track is
either completely obliterated by granulation tissue or has a central core of fluid
(pus). The distinction between the predominant components can have implications
for the course of treatment. Substantial fluid indicates inadequate drainage for
which surgery is the best choice, while a mostly granulated tract may respond to
drug therapy. A fat-saturated T1-weighted contrast-enhanced sequence will distin-
guish between the two; complete enhancement indicates granulation tissue, while a
center of non-enhancement indicates fluid (pus).
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8.5.2 Abscess

An abscess is a fluid collection that appears hyperintense on fat-saturated
T2-weighted sequences, and on fat-saturated T1-weighted contrast-enhanced
sequences, there is a typical pattern of rim enhancement (granulation tissue) with a
hypointense center (fluid, i.e., pus) (Figs. 8.3 and 8.11). In some cases, there is no
central fluid, and here it represents granulation tissue only (Fig. 8.4), which is an
important difference for patient management. The definition of an abscess is not
clearly established; a (locally) wider fistula tract with fluid can be interpreted as an
abscess. In a classification by Van Assche (see Sect. 8.4.4 Treatment Response
Monitoring), collections were described as cavities >3 mm [26]. Samaan et al.
recently classified abscesses under the term inflammatory mass which includes dif-
fuse inflammation (i.e., infiltrate), a focal lesion >3 mm with granulation tissue, and
collections with rim enhancement divided in small (3—10 mm), medium (11-20 mm),
and large (>20 mm) [23].

8.5.3 Proctitis

The inflammation of the rectum, proctitis, is another common finding in perianal
Crohn’s disease (Fig. 8.12). Its recognition is important because it has serious
implications for the management and prognosis of fistulae [3]. The evaluation of
proctitis on pelvic MRI is not completely similar to the evaluation of luminal
disease on abdominal MRI because in pelvic MRI luminal contrast is not rou-
tinely performed and a smaller field of view is used. Tutein Nolthenius et al.

Fig. 8.11 Perianal abscess (arrowhead), heterogeneous relatively hyperintense on a T2-weighted
oblique axial sequence (a), heterogeneous hyperintense on an oblique axial T2-weighted fat-
suppressed sequence (b), and a typical hyperintense rim enhancement with hypointense content
(fluid/pus) on an oblique axial T1-weighted contrast-enhanced sequence (c). The short arrow indi-
cates inflammation in the surrounding fat tissue. MRI is often not indicated for superficial perianal
abscesses; clinical examination is mostly sufficient to establish the need for drainage or if needed
ultrasound or computed tomography can be performed in the acute setting. However, MRI can help
in assessment of extension and course of additional fistula tracts and in some cases to establish the
presence of an abscess
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Fig.8.12 Proctitis with wall thickening including abnormal stratification on a sagittal T2-weighted
sequence (a) and perimural infiltration (short arrows) on an oblique axial fat-suppressed
T2-weighted sequence (b). The T1 fat-suppressed contrast-enhanced sequence showed perimural
enhancement (not shown here)

showed that MRI parameters that correlate to rectal inflammation on endoscopy
are wall thickening, mural fat, and mesorectal features. The mesorectal features
include perimural T2 sign, perimural enhancement, creeping fat, and size of
mesorectal lymph nodes [28].

8.5.4 Treatment Response Monitoring

Therapy response assessment is based on clinical evaluation (mainly improvement
of symptoms and closing of external openings) combined with imaging, but a vali-
dated index to measure response has not yet been established. MRI might be more
feasible in the assessment of remission than clinical response; studies have shown
that at clinical remission, tracts are often still active on MRI [26, 29]. This indicates
that therapy should be continued after clinical remission has been reached, stopping
drug therapy, while fistulas that remain active might have an impact on the recur-
rence of perianal fistula.

In the assessment of MRI for treatment response, several activity parameters
should be evaluated. A decrease in signal intensity at a T2-weighted sequence,
decreased enhancement, smaller volume, and limited extension are signs of response
to therapy (Fig. 8.13). No change may indicate the need for a change of medical
therapy.

In the need for a tool for the assessment of response to therapy, Van Assche et al.
developed a score that includes anatomical features as described by Parks [22] as
well as activity features consisting of the presence of T2 hyperintensity, extensions,
abscesses, and proctitis. There was a certain weight given to the selected features
based on expert opinion of these authors [26]. In their initial study, no significant
difference was shown in baseline activity of responders versus nonresponders, but
after 6 or 10 weeks of treatment, a greater decrease in activity was seen in the
responding group [26]. One study showed that short-term response was related to a
decrease in the Van Assche activity score but not a long-term response [30].
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Fig.8.13 Oblique axial T2-weighted sequences without (a and ¢) and with fat suppression (b and
d) of a patient at baseline (a and b) and at follow-up (c and d), 21 months after initiation of drug
therapy, illustrating a decrease in inflammatory activity of the fistula (arrows)

However, another study did not find a significant decrease in the Van Assche score
in a group of clinically responders at 6, 12, and 18 months [29]. Horsthuis et al.
added a T1-weighted contrast-enhanced sequence and presence of an infiltrate to
the original Van Assche score, but no additional value was measured with regard to
therapy response monitoring [31].

Recently, the Van Assche score was modified by an expert panel to improve the
assessment of responsiveness to therapy and the inter- and intrarater reliability [23].
The scoring of certain items was adjusted, and several items were added to the original
Van Assche score that were considered as features representing disease activity.
Original items that were modified included the anatomical location where in the origi-
nal score there was no submucosal tract included and extra- and intersphincteric were
combined; in the new score, the locations as described by Parks with addition of the
mucosal tract were all separate items. Also, in the original score, collections were
described as absent or present, and in the modified score, this was adjusted to aspect
of inflammatory mass including diffuse inflammation and different types and sizes of
collections (see Sect. 8.4.1.3 Activity). The novel scoring items were hyperintensity
on (fat-saturated) T1-weighted images and dominant feature of the tract (fibrous,
granulation tissue, or pus). This resulted in good intrarater reliability, but the interrater
reliability was not improved compared to the original Van Assche index. The modified
van Assche index could be promising in the evaluation of therapy response because of
the additional activity parameters but has yet to be studied for this purpose and poten-
tially modified based on the responsiveness of the descriptors.
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8.5.5 Differential Diagnosis

There are some considerations in the differential diagnosis of perianal Crohn’s
disease:

— Veins: It can be difficult to distinguish veins from fistulae because they both
appear as hyperintense tubular structures on (fat-saturated) T2-weighted
sequences and T1-weighted sequences. Distinctive factors are that most veins are
symmetrical, tortuous, and thin-walled and are continuous with other veins.
Tracts are often more straight and have a thicker wall, seen as a hypointense rim,
and have an internal opening [32].

— Hemorrhoids and anal tags: Internal hemorrhoids can look like small subepi-
thelial/submucosal abscesses on MRI, but when followed they originate in a
vein. External hemorrhoids and anal tags are easily recognized at clinical
examination [33].

— Pilonidal sinus: When a posterior track extends to the skin overlying the sacrum
and gluteal region, it can be difficult to differentiate between a perianal fistula
and a pilonidal sinus. The absence of intersphincteric involvement and absence
of an internal opening distinguish pilonidal sinus from perianal fistula [34]
(Fig. 8.14).

— Hidradenitis suppurativa extending to the anal sphincter region can be difficult
to distinguish from an extensive fistula complex. Differences are less fistulae,
less frequently sphincter involvement, more frequent granulomas, absence of
rectal wall thickening, and bilateral disease in hidradenitis suppurativa [35]
(Fig. 8.15).

— Tumor: In long-standing disease, cancer can develop within a track. It is there-
fore important to scrutinize the complete fistula for soft tissue not representing
fibrous tissue or active track (Fig. 8.16).

Fig. 8.14 Typical location of pilonidal sinus (arrows) at a sagittal T2-weighted sequence (a) and
oblique axial T2-weighted sequence (b)
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Fig. 8.15 Extensive fistulas (arrows) on a sagittal T2-weighted sequence (a) and oblique axial
T2-weighted sequence (b) in a patient with Crohn’s disease for which differential diagnoses
hidradenitis suppurativa and pilonidal sinus were considered. A firm distinction could not be made
based on these images, but due to history and extensiveness, fistulizing Crohn’s disease was most
likely

Fig.8.16 Oblique axial T2-weighted images with 5 years between image a and b of a patient with
extensive perianal Crohn’s disease illustrating the development of a soft tissue mass at the anorec-
tal canal (b) (open arrows) that was diagnosed as a malignant tumor. The short arrows indicate
inflammation in the soft tissue and the tailed arrow an air configuration within a track

8.5.6 Structured Report

There are several possibilities of a structured evaluation of MRI for perianal Crohn’s
disease. Whichever approach chosen, there are key elements that need to be assessed
and reported. It is important that the report is not merely a list of imaging findings
but that the questions of the referring gastroenterologist or surgeon are addressed in
a structured manner that will facilitate applying the imaging findings to patient man-
agement. The radiologist is very much helped in this by an informative referral by
the gastroenterologist or surgeon with clear questions. Discussion with your gastro-
enterologists and surgeons to find the best way to clearly communicate the clinical
questions and the MRI findings is important. Also, the pelvic anatomy is not always
interpreted uniformly; discussion between radiologists and clinicians is crucial for
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adequate interpretation of anatomical location and to prevent miscommunication.
Below is an example of a structured report; text between brackets should be replaced
with the correct information.

General

Pelvic MRI according to perianal fistula protocol:

[Specify performed sequences, directions, and contrast administration
including agent and volume.]

No imaging to compare with/comparison with [imaging modality] from
[date]

Fistula*

[New/known] [transsphincteric/intersphincteric/suprasphincteric/
extrasphincteric/submucosal] fistula tract [left/right] with [supralevatoric/
infralevatoric/other] extension

Internal opening [quadrant or clockwise location] at [...] mm cranially
from the lowest border of the sphincter complex**

Predominantly [active/inactive] fistula tract, consisting of [granulation
tissue/fluid/fibrous tissue]

Other findings consist of [e.g., sefons, infiltration].



158 K.L.van Rijn and J. Stoker

Other perianal complications

No abscess or infiltrate/infiltrate at [location]/abscess at [location] with
diameter of [... x ...] mm, filled with [granulation tissue/fluid]; no sur-
rounding infiltrate/surrounding infiltrate

No proctitis/[mild/severe] proctitis with signs of [mural thickening/infiltra-
tion/ulcerations/lymphadenopathy|

No other perianal findings/other perianal findings are [e.g., internal sphinc-
ter defect].

Additional findings

No other relevant findings/other findings consist of [e.g., free fluid, lymph-
adenopathy, uterus, or bone pathology].

Conclusion

Answer the clinical questions, and report other relevant findings, prefera-
bly with bullet points.

(In case of clinical important findings necessitating immediate manage-
ment, directly contact the referring physician or his/her replacement, and
document this.)

*In case of several tracts defined by separate internal openings, repeat this
paragraph for every tract.

** The distance to the anorectal junction can be added when this is close to
the anorectal junction or if this is preferable for the clinician.
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8.6 Conclusion

In conclusion, MRI has a pivotal role in the assessment of perianal Crohn’s disease.
Advantages compared to other imaging modalities are the ability to assess the entire
pelvic region for extensive fistula tracts, intrinsic contrast resolution, and noninva-
siveness. Using a phased-array surface coil, T2-weighted sequences and a
T2-weighted sequence with fat suppression should be performed to adequately
assess the perianal anatomy and fistula tracts. Additionally, it is recommended to
perform a T1-weighted sequence with intravenous contrast agent to assess activity.
The evaluation of perianal fistula on MRI should include a description of the ana-
tomical location of a fistula in relation to the sphincter complex, internal opening,
activity, presence of abscesses and proctitis, and response to therapy. Different clas-
sification systems, including activity parameters, have been developed for the
assessment of therapeutic response but have not been validated fully. The evaluation
and report of perianal Crohn’s disease on MRI should have the purpose of aiding
decisions regarding therapeutic strategy for the clinician, including guidance for
possible surgical interventions.
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Cross-Sectional Imaging Indexes
for Crohn’s Disease

Jordi Rimola

Abstract

Objective assessment of disease activity and complications in Crohn’s disease
(CD) is critical to ensure accurate diagnosis and assessment of therapeutic
response in both clinical practice and research. For recent clinical trials, patient
selection and trial endpoints have been based on clinical symptoms and mucosal
inflammation of the terminal ileum and large bowel determined on ileocolonos-
copy. However, cross-sectional imaging methods have definite advantages over
ileocolonoscopy and are potentially superior for use in CD clinical practice and
trials. The development and validation of objective indexes of activity based on
cross-sectional imaging will improve patient selection and assessment of the effi-
cacy of new treatments.

9.1 Introduction

In Crohn’s disease (CD), clinical decisions and new drug evaluation are based
mainly on symptom control. Clinicians order changes to treatment to better manage
symptoms associated with inflammatory activity (e.g., diarrhea, abdominal pain),
impairment of general well-being, or extraintestinal manifestations. The Crohn’s
disease activity index (CDAI), based on the assessment of signs and symptoms plus
measurement of hematocrit [1], has become the gold standard for assessing drug
efficacy and the most important FDA-approvable endpoint for developing treat-
ments for CD.
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However, the CDAI, a composite score taking into account self-reported signs
and symptoms of CD, correlates poorly with mucosal disease activity and has a high
placebo rate. An analysis of data from the SONIC study showed that 18% of patients
classified by the CDAI as having moderate-to-severe disease (CDAI > 220) had no
ulcers at endoscopy [2]. Moreover, after therapeutic intervention, 47% of patients
who were classified as in remission by the CDAI (CDAI < 150) still had ulcers, and
35% of those whose mucosa had healed were classified as still having active dis-
ease. On the other hand, patients with CD under sustained clinical remission may
still suffer from ulcerative lesions [3], which have been linked to increased need for
surgical resections [4].

Given the mismatch between patient-reported symptoms and signs of disease
and evidence of mucosal inflammation, the FDA currently holds that the primary
endpoints in clinical trials to support approval of novel molecules with indication
for CD should include ileocolonoscopy (ILC) findings as well as symptoms and
signs (specifically abdominal pain and stool frequency).

The gold standard for assessing lesions in CD is ILC, but it has inherent limita-
tions [5]. It requires intense bowel cleansing and is cumbersome, so many patients
with symptomatic CD may complain to undergo the examination. Importantly,
complete assessment is not always possible; in patients with active CD, the right
colon can be reached in 90% of examinations, but the terminal ileum in only 75%
[6]. Finally, like clinical assessment, ILC has a low sensitivity for the detection of
penetrating complications [7-9] (intraabdominal fistulas and abscesses), which are
usually exclusion criteria for clinical trials, given the risk of immunosuppressive
therapies worsening the septic component of these lesions.

Recent evidence indicates that cross-sectional imaging techniques are reliable
alternatives to ILC. Not only are they accurate in the assessment of mucosal lesions,
they also offer some advantages, such as enabling the assessment of extramural
complications (e.g., fistulas and abscesses) and determining the functional repercus-
sions of stenotic lesions [7, 10].

This chapter discusses cross-sectional imaging-based indexes for the objective
detection of disease activity and characterization of disease severity in CD, provid-
ing practical recommendations for the optimal use of these scores for luminal and
perianal disease in clinical practice and research.

9.2 Indexes for Small and Colon Activity Assessment
9.2.1 Selecting the Appropriate Indexes

Some of cross-sectional indexes are constructed by selection of parameters that are
associated with the presence of disease activity and/or are indicators of the presence
of severe disease based on overall radiologist assessment [11-17]. The number of
parameters present defines the existence of active disease and level of severity, usu-
ally limited to three-point or four-point global scale (i.e., inactive, mild, moderate,
or severe). Using this model, the lack of strict criteria in selecting the variables that
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compose these indexes contributes to the heterogeneity of the parameters included
in each index.

By contrast, the derivation of indexes based on regression models that predict
activity assessed by a valid external gold standard (histology or endoscopy) is more
stringent since only the variables with independent predictor value for severity and
activity are selected, whereas those without a proven independent predictor value
are excluded from the scoring system, optimizing the evaluation of the imaging
technique. The downside of using indexes based on regression models is that the
derived indexes may not be easily applicable in clinical practice if they entail the
quantitative measurement of too many or too difficult descriptors or are based in
complex formulas. Therefore, these limitations may be overcome by the simplifica-
tion of indexes in terms of data capture and calculation, without compromising their
overall accuracy.

9.2.2 Cross-Sectional Index for Luminal Crohn’s Disease

There are no formal indexes on luminal activity based on ultrasonography or com-
puted tomography enterography (CTE). However, in the field of CTE, the
EMBARK study developed a combined ileocolonoscopy-CTE score, applied in a
subgroup of CD patients who underwent both investigative procedures. Data on
severity could be obtained by using either endoscopy or CTE, so that the incorpo-
ration of both ILC and CTE into a single measure increased biomarker perfor-
mance in CD (Table 9.1) [18].

Among different MRE-based indexes published in the literature, only few of
them had been derived using valid external reference standard (i.e., endoscopy or
histology) and using descriptors identified in multivariate analysis as independent
predictors for detecting activity and severity.

The magnetic resonance index of activity (MaRIA) is the best-characterized
MRE-based index of activity. The MaRIA index is a composite score that takes into
account bowel wall thickness (in millimeters), MR image signal enhancement by
gadolinium-based intravascular contrast agent, and observation of ulceration and

Table 9.1 Definitions used to assign combined scores incorporating findings from either ileoco-
lonoscopy or CT enterography on EMBARK study

Length of active
Score | Disease severity region
0 » None None
1  Aphthous erosion <50% of bowel
» Hyperenhancement with no or equivocal wall thickening (3-5 mm) | segment
2 e Large ulcers 50-75% of bowel
* >5 mm wall thickening (at thickest region) with segment
hyperenhancement
3 * Very large ulcers >75% of bowel
* >5 mm with wall thickening, hyperenhancement and perienteric segment
fat stranding, ulcers, or wall thickening >10 mm
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Fig. 9.1 The MaRIA index grades disease activity using relative contrast enhancement (ROIs in
a and b), by measuring wall thickness (line in ¢) and identifying the presence of edema (d, arrow)
and ulcerations (e, arrowheads). Both edema and ulcerations were present in this ileal segment
(arrows in d and e respectively). For scoring of the London index, wall thickness (¢) and mural T2
signal (d) are assessed to calculate an acute inflammation score (AIS). In this patient, there is a
moderate increase in mural T2 signal (d, arrow)

edema (hyperintensity on T2-weighted sequences) (Fig. 9.1). The sub-score at seg-
mental level is calculated for five colonic segments (rectum, sigmoid colon,
descending colon, transverse colon, and ascending colon) plus for the terminal
ileum. MaRIA was derived as a simplified score to quantify disease activity from
MRI findings in each segment:

MaRIAseg = (1.5x Wall thickness ) +(0.02 x relative contrast enhancement )
+(5xedema)+ (10 x ulcersat MRE )
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where WT means bowel wall thickness in mm measured at the thickest point in the
segment; edema and ulcer are each assigned a value of 1 when there is evidence of
either in the segment (or O when not). RCE represents the relative contrast enhance-
ment between pre- and post-gadolinium T1 and can be calculated as follows:
RCE=((WSI postgadolinium—WSI pregadolinium)/(WSI pregadolinium))x100 X
(SD noise pregadolinium/SD noise postgadolinium), where SD noise pregadolin-
ium corresponds to the average of three SDs of the signal intensity measured out-
side of the body before gadolinium injection, and SD noise postgadolinium
corresponds to the SD of the same noise after gadolinium administration.

The global MaRIA score is computed as the sum total of the sub-scores.

In order to categorize the severity of each individual segment evaluated by MRE,
two different cutoffs were defined. A MaRIA sub-score of >7 is indicative of bowel
segments with active CD, and a sub-score of >11 units identifies segments with
moderate-to-severe CD activity, with ulcers at endoscopy.

The MaRIA score was devised to be highly accurate in detecting active disease
or even better for the detection of severe inflammation when compared with an
objective endoscopic score, the Crohn’s Disease Endoscopic Index of Severity
(CDEIS), a widely used, objective endoscopic score [19, 20]. MaRIA score was
used to determine the responsiveness of MRE after induction treatment in CD
patients following medical therapeutic intervention showing high accuracy for
detecting mucosal healing (accuracy 0.83 for a cuttof MaRIA,, < 7) at segmental
level (Table 9.2) and at patient level (accuracy 0.86 for a cutoff MaRIA g, < 50)
[21]. Contrary to the work of Ordas et al. [21], Stoppino et al. [22] reported on
observations of “global MaRIA” change in response to anti-TNF at week 26 and
suggest that the optimal cutoff point for identification of patients that had achieved
mucosal healing at week 26 is 30.8. It is important to highlight that in contrast to
MaRIA,4, including six segments, in the work of Stoppino et al. [22] is scored as
the summation of MaRIA,, across only five segments.

Similarities between segment scores for colon segments and proximal and distal
small bowel segments have been reported. Takenaka et al. [23] have reported that
using MaRIA, cutoffs of <7 and >11 is as accurate at predicting double-balloon
enteroscopy appearance of the mucosa in the jejunum and proximal and terminal
ileum than in the colon. Furthermore, these authors have also reported that MaRIA .,
is highly correlated with the endoscopic score SES-CD.

Table 9.2 Diagnostic accuracy of MaRIA at segment level derived from the derivation and vali-
dation cohort for assessment of disease activity and severity

MaRIA

AUC R Cutoff Sens Spec
Active disease 0.93 0.72 >7 0.87 0.87
Severe disease 0.97 0.71 >11 0.92 0.92
Mucosal healing 0.83 0.51 <7 0.85 0.78

Derived in [19] and [21]
AUC receiver operating characteristic area under the curve, Sens sensitivity, Spec specificity
Ileocolonoscopy was the reference standard.
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However, some drawbacks of the MaRIA index have to be acknowledged. The
main limitation as far as the assessment of therapeutic response is concerned is that
normal segments contribute to the overall MaRIA score, while in patients with sur-
gically resected segments an underestimation of the global score occurs. With
regard to the easiness for its calculation, although it only takes into account four
items, its computation can be cumbersome and time consuming because two vari-
ables are quantitative (thickening, contrast enhancement) and must be calculated in
all colonic segments and in the terminal ileum.

The acute inflammation score (AlIS) is another MRE index and is composite of
two descriptors (mural thickness and mural T2 signal) that are computed in a semi-
quantitative fashion using a four-point scale. It was originally derived for scoring
the inflammation on the terminal ileum using histopathology as gold standard:

AIS =1.79 + (1.34 x mural thickness) + (0.94 x mural T2 score)

An AIS of 4.1 was determined as the best cutoff to define presence of active
disease with an AUC of 0.77 and demonstrated a moderate degree of correlation
with inflammation at histopathology (Kendall’s tau = 0.40) [24].

The same group derived an extended version of AIS to include simply the sum of
all MRI parameters which had an individual strength of association of at least
p < 0.1 in the derivation analysis including mural thickness, mural T2 signal,
perimural T2 signal, and contrast enhancement. However, its addition to the original
index marginally improved the correlation with the AIS score.

In addition to its accuracy, the main advantage over other indexes is that AIS can
be calculated faster. However, the lack of defined cutoff point to define the presence
of severe inflammation (ulceration) that can be used as inclusion criteria in clinical
trials and lack of data about responsiveness of this index after medical interventions
are the main limitations of this index to be used in clinical trials.

The Nancy score was the first one to include diffusion-weighted imaging (DWI)
sequence as independent predictor of active disease [25]. Its derivation was based
on the presence of inflammatory lesions at endoscopic colonic evaluation including
erythema, edema, pseudopolyps, aphthoid ulcers, and ulceration. Nancy index
includes six descriptors at MRI: DWI hyperintensity, rapid gadolinium enhance-
ment after intravenous contrast medium administration, differentiation between the
mucosa-submucosa complex and the muscularis propria, bowel wall thickening
(>5 mm), mural edema, and the presence of ulceration, although only the presence
of DWI hyperintensity and increased bowel wall thickening were independent pre-
dictor of the presence of endoscopic inflammation. The presence and absence of
each descriptor in a given segment is rated in a binary way (“1” when present and
“0” when absent). The segmental Nancy MR score is calculated as the sum of the
numerical values obtained among the six descriptors for a given segment. The total
Nancy MR was calculated as the sum of each segmental score in a patient, with
values ranging from 0 to 36. A MR-score-S >2 detected endoscopic inflammation in
the colon with a sensitivity and specificity of 58.33% and 84.48%, respectively, with
an AUROC of 0.779 (p = 0.0001). The correlation between segmental index and
SES-CD was moderate (r = 0.54).
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This index was not further validated in a prospective cohort neither tested for
assessing therapeutic response to medical intervention.

Finally, a novel index, very similar to MaRIA index but using diffusion-weighted
imaging (DWI) sequence instead of contrast enhancement, had been recently
developed, called DWI-MaRIA score or Clermont score [26]. To derive and vali-
date DWI-MaRIA score, the same MRE (MaRIA) was considered the reference
standard. Not strangely, wall thickness, mural edema, and ulcerations were
included as independent predictors for activity, together with the apparent coeffi-
cient of diffusion (ADC), using MaRIA,., as dependent variable. Clermont score
was derived to quantify disease activity from MRI findings in each segment as
follows:

Clermont_, = (1.646 x Wall thickness ) + (~1.321 x ADC)
+(5.613 x edema ) + (8.306 x ulcers at MRE) + 5.039

A Clermont sub-score of >8.4 is indicative of bowel segments with active CD,
and a sub-score of >12.5 units identifies segments with moderate-to-severe CD
activity, with ulcers at endoscopy. As expected, a very close correlation had been
found between both MaRIA and Clermont indexes [26], being almost perfect
(r =0.99) in the terminal ileum but lower in the colon.

The responsiveness of Clermont index after induction treatment in CD patients
following medical therapeutic intervention showed a good specificity (76.5%),
whereas the sensitivity was only 60% for endoscopic mucosal healing at segment
level [27].

The Clermont score had emerged as a promising biomarker of bowel inflamma-
tion in CD, especially useful when gadolinium cannot be given. However, confirma-
tory studies are currently lacking [28]. The main limitation for the applicability of
this index is the current lack of standardized method for DWI acquisition including
technical aspects and bowel preparation that may affect the accuracy of this index
when different parameters were used to set up DWI sequence [29].

9.2.3 Reproducibility of the Indexes

Different comparative studies of these two indexes using ILC indexes as reference
standard validated both indexes [29, 30].

Reproducibility of these indexes is a critical step to be considered useful evalua-
tive instruments. Specifically, moderate-to-good degrees of interobserver agreement
(0.42-0.69) among expert readers had been detected for each MR descriptors of
both MaRIA and AIS indexes in the colonic and terminal ileum segments [30].
Another pilot study including 19 CD patients, both test-retest and inter-reader reli-
ability for segmental MaRIA score in the terminal ileum were excellent with cor-
relation coefficients ranging from 0.92 to 0.97. However, reader agreement was
lower in the proximal small bowel segments (0.59 and 0.72), and the strength of
correlation of the MaRIA score with CDEIS was lower than in the original
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single-site validation study (r = 0.63; p < 0.01), as expected with central read mul-
tisite dissemination.

9.3 Indexes for Perianal Disease

Although various clinical scoring systems for assessing perianal disease have been
developed, few scoring systems are based on or include pelvic MRI findings.
Various authors consider pelvic MRI the gold standard imaging modality for detect-
ing and characterizing abscesses and fistulas [31]. Scoring systems should enable
assessment of the severity of disease and of the response to treatment. The lack of a
validated outcome measure has constrained research in this field.

In clinical practice, the most widely accepted approach for the initial assessment
of perianal disease consists of physical examination of the perianal area (mainly the
number of draining external openings) and pelvic MRI examination including ana-
tomical description of the existing fistula tracks and the parameters of inflammation.
In follow-up, the correlation between fistula healing and favorable clinical course is
well accepted, and perianal disease is normally monitored by clinical evaluation
(decrease from baseline in number of open draining fistulas) [32]. However, because
there is no consensus about the optimal time to reassess perianal disease to deter-
mine whether fistulas have completely healed, regular pelvic MRI follow-up does
not form part of the standard of care in most institutions, and MRI reassessment is
limited to patients with unfavorable clinical outcome.

Nevertheless, in research, pelvic MRI is an essential element in patient fol-
low-up in clinical trials of novel drugs. Even in this scenario, however, despite
MRTI’s unquestionable value in characterizing fistula anatomy, the most appropri-
ate MRI methods and criteria for complete fistula healing have yet to be estab-
lished [33, 34].

MRI-based scores provide a more objective measure of fistula activity than sim-
ple clinical evaluation, as the simple closure of external openings does not ensure
deep fistula healing or the absence of complications [31, 32].

9.3.1 TheVan Assche Index

The Van Assche Index (VAI) was originally developed to fill the need for a standard-
ized tool that could measure the response of perianal fistulizing CD to medical
therapy [35], thus obviating the need for each patient to serve as his or her own
control to determine whether perianal disease improved or worsened [36]. The VAI
score rates the severity of the perianal fistulizing process based on the MRI findings,
including the number of fistula tracks, fistula location according to Parks classifica-
tion, fistula extension, hyperintensity on T2-weighted images, collections (>3 mm
in diameter), and rectal wall involvement (Table 9.3). Based primarily on radiologi-
cal expertise, some of the descriptors used in the VAI have been criticized. For



9 Cross-Sectional Imaging Indexes for Crohn’s Disease 171

Table 9.3 The Van Assche index, MRI-based score for severity of perianal Crohn’s disease

Descriptor Categories Scoring
Number of fistula tracts * None

» Single, unbranched

* Single, branched

* Multiple

Location  Extrasphincteric or intersphincteric
* Trans-sphincteric

* Suprasphincteric

Extension ¢ Infralevatoric
* Supralevatoric

Hyperintensity on T2-weighted images | * Absent
» Mild
* Pronounced

Collections (cavities >3 mm diameter) ¢ Absent
 Present

Rectal wall involvement e Normal
¢ Thickened

NO O X0RERON =, W= W —O

instance, the proposed 3 mm cutoff for the diameter of fluid collections is not useful
for guiding clinical decisions, because many fistula tracts, especially in the context
of complex fistulas, have a diameter greater than 3 mm, and these are considered
fistulas, not abscesses. Moreover, the scoring system proposed for each descriptor
(especially for extensions and anatomical classification of fistulas) is controversial,
and some descriptors (e.g., anatomical location of the track) may not be responsive
to treatment.

Nevertheless, changes in the VAL, especially T2 signal intensity of fistula tracts,
correlate with clinical disease activity and with clinical response to immunosup-
pressant treatment on short-term follow-up [35, 37]. Savoye-Collet et al. [38] found
that the VAI score (particularly T2 hyperintensity) significantly improved after
1 year of infliximab therapy. However, other studies found that the VAI was insensi-
tive to change in patients with reduced fistula caliber during long-term follow-up
[33, 39]. Finally, the lack of validated cutoff values associated with response or
fistula healing hinders the use of this index as an endpoint in clinical trials [34, 38].

9.3.2 The Modified Van Assche Index (mVAI)

To overcome the aforementioned limitations of the VAI, a modified version was
developed. In the derivation process, fistula descriptors were initially selected based
on their intra- and inter-reader reliability, and a final index was generated using a
visual analog scale for global assessment of severity as an outcome criterion [40].
The final modified version of VAl includes extension, hyperintensity on T2-weighted
images, rectal wall involvement, inflammatory mass (incorporating the components
of the descriptor “collections” in the original VAI as well as additional features),
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Table 9.4 The modified Van Assche index, MRI-based score for severity of perianal Crohn’s

disease
Item | Definition developed through initial
Descriptor Modified index weight | consensus
Extension * Absent 0
* Infralevatoric 1 Extends upward in the ischioanal fossa but
remains below the levator ani muscle
* Horseshoe 2 Extends into the intersphincteric space on
configuration both sides of the midline
* Supralevatoric 3 Extends upward in the intersphincteric plane
and over the top of the levator ani muscle
Hyperintensity | ¢ Absent 0 No hyperintensity visible, only scar tissue
on » Mild 1 Slight increase in signal intensity but less
T2-weighted than nearby, in- plane vessels
1mages * Pronounced 2 Tract showing equal or greater signal
hyperintensity than nearby in-plane vessels
Rectal wall * Absence 0 Normal appearance of rectal wall
involvement * Present 2 Increased wall thickness and size of
(proctitis) mesorectal lymph nodes (>5 mm), creeping
fat, increased perimural T2 signal, and
enhancement
Inflammatory | ¢ Absent 0 No inflammatory mass
mass * Diffuse 1 Diffuse inflammation of surrounding tissues
* Focal 2 Lesion >3 mm in diameter on T2-weighted
images (but does not include linear tracts
with diameter >3 mm) with diffuse
enhancement on T1-weighted post-contrast
images (i.e., granulation tissue)
¢ Collection — small 3 Circumscribed cavity 3—10 mm in diameter
(but does not include linear tracts with
diameter >3 mm)
Hyperintense appearance on fat-saturated
T2-weighted images with rim enhancement
on T1-weighted post-contrast images
* Collection 4 As defined above except diameter measures
— medium 11-20 mm
* Collection — large 5 As defined above except diameter measures
>20 mm
Dominant * Predominantly 0 >50% of tract has a fibrotic appearance (i.e.,
feature of fibrous hypointense on fat-saturated T2-weighted
primary tract images)
and extensions | « Predominantly 1 >50% of tract is filled with granulation tissue
filled with (i.e., hyperintense on fat-saturated
granulation tissue T2-weighted images with enhancement of
contents and wall on T1-weighted post-
contrast images)
* Predominantly 2 >50% of tract is filled with fluid or pus (i.e.,

filled with fluid or
pus

hyperintense on fat-saturated T2-weighted
images with no enhancement of contents on
fat-saturated T1-weighted post-contrast
images [though lining of tract may enhance])
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and dominant feature of primary tract and extension (Table 9.4). Before it can be
universally adopted, the mVAI’s responsiveness must be tested by comparing base-
line and posttreatment MRI findings in patients receiving a treatment of known
efficacy, ideally in a randomized controlled trial.

9.4 Index for Bowel Damage: The Lémann Index

CD is a progressive disease, so it is important to determine the impact of therapeutic
interventions on damage progression. This can be difficult because it requires sepa-
rating the long-term effects of a treatment from its short-term effects on symptoms.
For these reasons, an international initiative recently developed the Lémann index
to determine the progression of CD over time, focusing on digestive tract damage
rather than on the degree of inflammatory activity [41].

Designed to measure the cumulative bowel damage in all segments of the diges-
tive tract, the Lémann index is based on resections and the extent and severity of
stricturing and penetrating lesions on MRI and endoscopy.

To determine the factors associated with digestive damage progression, a French
group tracked Lémann index scores and retrospectively reviewed magnetic resonance
enterography findings in a cohort of 221 CD patients followed for 2—10 years. They
found that high Lémann index scores at the first evaluation, time, persistent clinical
activity, and past history of intestinal resection were associated with damage [42].

In a prospective study tracking the Lémann index in a cohort of CD patients
receiving anti-TNF, Fiorino et al. [43] found that the index was sensitive to change,
indicating that anti-TNFs were able to reverse damage in some patients. A Lémann
index >4.8 identified subjects with bowel damage, and an increase in Lémann index
>(.3 during the follow-up identified damage progression. Patients with progression
of bowel damage were more likely to require major abdominal surgery.

Thus, despite the initial assumption that the Lémann index was likely to increase
with the disease duration, the Lémann index as currently defined can also decrease
over time. This seems reasonable, given that the part of this index related to strictur-
ing lesions includes potentially reversible inflammatory components (e.g., wall
thickening, contrast enhancement, stricture, and prestenotic dilation), and the part
of the index related to penetrating lesions also includes potentially reversible com-
ponents (e.g., ulcerations, fistulas and phlegmon/abscesses). Nevertheless, this
study showed that progression in Lémann index is associated with worse outcomes,
including subsequent need for surgery.

In a more recent study, the same group evaluated the prognostic value of disease
activity and severity in early CD by the Lémann index and MaRIA score in 142
consecutive patients followed up for 4.9 years. Bowel damage and the Lémann
score, but not severity as expressed by the MaRIA score, were independent prog-
nostic factors for predicting intestinal surgery (HR: 3.21 and 1.11, respectively,
p <0.001) and CD-related hospitalization (HR: 1.88, p = 0.002, and 1.08, p < 0.001,
respectively) [44].
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9.5 Conclusion

Cross-sectional imaging methods have emerged as potentially superior to ILC in
CD for clinical practice and research. The development and validation of indexes
of activity and severity will allow their implementation as potential biomarkers for
selecting patients and assessing treatment efficacy for both luminal and perianal
disease. The Lémann index, by contrast, was designed to determine the evolution
of bowel damage over time. As expected, this index was found to be reversible,
suggesting that further improvements on the current version of the index are
needed.
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