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The evaluation of the degree of inflammation and fibrosis, intrinsic elements in intestinal
wall damage of Crohn’s disease, is essential to individuate the extent of the lesions
and the presence of strictures. This information will contribute to the choice of the
appropriate therapeutic approach, the prediction of the response to therapy and the
course of the disease. The accurate evaluation of the extent and severity of inflammation
and/or fibrosis in Crohn’s disease currently requires histopathological analysis of the
intestinal wall. However, in clinical practice and research, transmural assessment of
the intestinal wall with cross sectional imaging is increasingly used for this purpose.
The B-mode ultrasonograhic characteristics of the intestinal wall, the assessment of its
vascularization by color Doppler and I.V. contrast agents, and the evaluation of the
mechanical and elastic properties by sonoelastography, may provide useful and
accurate information on the severity and extent of inflammation and intestinal fibrosis in
Crohn’s disease. The purpose of this review is to provide an update on current
sonographic methods to discriminate inflammation and fibrosis in Crohn’s disease.
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INTRODUCTION

Crohn’s disease (CD) is characterized by chronic inflammation and progressive fibrosis. In general,
the inflammatory pattern is the most frequent at the onset of the disease, while a stricturing or
penetrating evolution can be observed later on (Cosnes et al., 2002).

The complicated course of disease occurs in up to 50% of patients within 20 years of diagnosis,
requiring a surgical intervention in half of these cases within 10 years (Peyrin-Biroulet et al., 2010).

The evaluation and characterization of inflammation is pivotal in the detection of the disease,
in the characterization of newly diagnosed of CD, and in its monitoring, along with the evaluation
of complications (Maaser et al., 2019). The definition of disease activity and onset of fibrosis
will shape therapeutic decisions, with prognostic impact on the response to therapy and the risk
of recurrence.

Histopathology is still the gold standard for the identification of inflammation and fibrosis.
However, despite several scoring systems have been proposed, in particular for strictures, a wide
heterogeneity in scoring methods exists and none can be considered as a suitable benchmark
(Bettenworth et al., 2019; De Voogd et al., 2020; Gordon et al., 2020). In clinical practice and research,
cross-sectional imaging techniques have been proposed as reliable non-invasive alternative

Edited by:
Dario Sorrentino,

Virginia Tech Carilion, United States

Reviewed by:
Marco Marino,

Azienda Sanitaria Universitaria Friuli
Centrale (ASU FC), Italy

Vu Nguyen,
Virginia Tech Carilion, United States

*Correspondence:
Giovanni Maconi

giovanni.maconi@unimi.it

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to
Gastrointestinal and Hepatic

Pharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 12 March 2021
Accepted: 09 April 2021
Published: 26 April 2021

Citation:
Ferretti F, Cannatelli R, Ardizzone S,

Maier JA and Maconi G (2021)
Ultrasonographic Evaluation of

Intestinal Fibrosis and Inflammation in
Crohn’s Disease. The State of the Art.

Front. Pharmacol. 12:679924.
doi: 10.3389/fphar.2021.679924

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6799241

REVIEW
published: 26 April 2021

doi: 10.3389/fphar.2021.679924

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.679924&domain=pdf&date_stamp=2021-04-26
https://www.frontiersin.org/articles/10.3389/fphar.2021.679924/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.679924/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.679924/full
http://creativecommons.org/licenses/by/4.0/
mailto:giovanni.maconi@unimi.it
https://doi.org/10.3389/fphar.2021.679924
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.679924


approaches for transmural assessment of the intestinal wall to
detect inflammatory or fibrotic patterns.

Among different imaging techniques, intestinal ultrasound
(IUS) is a radiation-free and cost-effective technique which is
increasingly adopted both for the diagnosis and the monitoring of
CD. The introduction of small intestine contrast ultrasonography
(SICUS) and the contrast-enhanced ultrasound (CEUS) as well as
elastography expanded the potential applications of this
technique.

However, reliability of IUS in detecting inflammation and
fibrosis is still under investigation, as well as its applicability and
usefulness in clinical practice to drive the most appropriate
treatment. Most of these gaps rely on the absence of
reproducible gold standards for evaluating inflammation and
fibrosis to be used for complicated and not complicated
patients. In fact, if the assessment of pathological features is still
awaiting valid and reproducible parameters, the discrimination of
fibrosis and inflammation in non-operated patients is mainly
indirect and relies essentially on clinical parameters such as
biochemical tests and the response to steroid or biologic treatment.

In this review we evaluated the reliability of IUS in assessing
inflammation and fibrosis, mainly focusing on the available
studies that have used pathological features or the response to
treatment as direct and indirect reference parameters.

INTESTINAL ULTRASOUND AND
INFLAMMATION

Applications
The identification and characterization of inflammatory features
in the small bowel and/or colon are pivotal both for the diagnosis
and the monitoring of IBD. The gold standard in the assessment
of bowel inflammatory involvement is histology, but non-invasive
approaches are demanded to limit the risks and the costs of
repeated endoscopic procedures, considering also the limitation
of histology in case of inadequate or superficial biopsy sampling.
Thus, different non-invasive approaches have been introduced
with different degrees of reliability.

Biomarkers such as C reactive protein (CRP) and fecal
calprotectin (FC) are useful for monitoring IBD (Vos et al.,
2013) although with some risk of false positive results (Maaser
et al., 2019). Thus, the available imaging techniques including IUS,
computed tomography (CT) and magnetic resonance imaging
(MRI) have been increasingly applied to IBD. In a systematic
review, Panes et al. compared the diagnostic accuracy of different
cross sectional imaging techniques showing a high accuracy both
for the CD diagnosis and CD monitoring, with good reliability for
assessing disease severity and complications (Panés et al., 2011). If
multiple options are available with comparable local expertize, IUS
can be considered the first choice due to its non-invasiveness, low
costs and repeatability (Calabrese et al., 2016).

Identification and Characterization of Disease Activity
in Suspect Crohn’s Disease
In case of suspect CD, IUS has shown a 80% sensitivity and 97%
specificity for the CD diagnosis when compared with reference

standards including clinical evaluation, endoscopy, histology
and/or radiology (Calabrese et al., 2016).

The accuracy of US depends on the location and severity of CD
(Hollerbach et al., 1998; Astegiano et al., 2001; Parente et al.,
2003). In comparison with endoscopy, cross-sectional techniques
are less accurate to detect mild inflammatory luminal lesions
(Panés et al., 2011).

In suspected involvement of small bowel (SB), IUS and
SB capsule endoscopy (SBCE) yield similar findings. Indeed,
IUS shows 72% of sensitivity and 84% of specificity (Carter
et al., 2018), which can be slightly increased using oral
contrast agents (e.g., SICUS) (Kopylov et al., 2017), in
particular for the assessment of proximal SB lesions
(Petruzziello et al., 2010).

Finally, a comparison of the diagnostic accuracy between MRI
and IUS in detecting active CD—defined as the presence of
ulcerations at endoscopy, CRP >8 mg/L, Calprotectin >250 μg/
g, histological evidence of activity—demonstrated a lower
sensitivity of IUS vs. MRI in active SB disease (90 vs. 96%, p
0.01) and a comparable sensitivity in case of active colonic disease
(66 vs 63%, p 0.7) (Taylor et al., 2018).

Monitoring of Disease Activity in Known Crohn’s
Disease
The role of IUS in the evaluation of disease activity is still
controversial (Calabrese et al., 2016). In a systematic review
Rimola et al. investigated the accuracy of different cross-
sectional imaging techniques in assessing disease activity, and
found that four US-based parameters (wall thickening, Doppler
signal, loss of stratification and reduced peristalsis/
compressibility) showed good correlation with endoscopic
reference standard (Rimola et al., 2012). MRI showed a good
or very good agreement with endoscopic or histologic reference
standard when limited small bowel tracts were analyzed, while the
results about colonic CD assessment were more conflicting,
mainly because of the inconstant use of colonic intraluminal
contrast (Rimola et al., 2012). All theMRI-based indexes included
wall thickness (in mm) and the degree of wall enhancement after
intravenous contrast injection. To date, magnetic resonance
index of activity (MaRIA) (Rimola et al., 2011) and Clermont
score (Buisson et al., 2015; Buisson et al., 2017) are the two main
indexes in the assessment and grading of CD severity and
mucosal lesions, evaluating the presence of ulcerations, edema,
bowel thickness and relative contrast enhancement (MaRIA) or
apparent diffusion coefficient (Clermont). Both have been
validated compared with endoscopy, both in ileal and colonic
CD. Even if data are conflicting about the concordance and
degree of accuracy of these scores, a recent study
demonstrated a high and equal efficacy in the detection of
mucosal healing (Buisson et al., 2017), showing a substantial
accuracy in the detection of endoscopic ulcerations with high
specificity (81–82%) and high negative predictive value (82%
NPV), while sensitivity and positive predictive values were
moderate. Likewise, in a recent study by Yuksel et al., IUS
showed a comparable accuracy to MRE in detecting
endoscopic activity (Yuksel et al., 2019) where in
endoscopically active disease, the most frequent IUS signs
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were increased BWT (>3 mm) and fibrofatty proliferation (not
defined in the study). These findings are in keeping with another
study by Livne et al., where IUS parameters, and in particular
terminal ileum thickness and mesenteric fat hypertrophy, showed
a significant correlation with theMaRIA score (Livne et al., 2020).

However, the main limitation and difficulties in obtaining a
conclusion regarding IUS assessment of disease activity are the
choice of the IUS parameters and/or their combination (e.g., IUS
scores) and the choice of the reference standard adopted to assess
activity, whether clinical (i.e. elevated CDAI), biochemical (CRP,
fecal calprotectin), radiological and/or histological.

Techniques and Parameters
B-Mode Ultrasound and Color Doppler Imaging
The data in the literature agree on the fact that main parameters
suggesting inflammation and disease activity in CD are bowel
wall thickening (BWT), color Doppler imaging (CDI), and bowel
wall stratification (BWS), along with mesenteric fat hypertrophy
and regional lymphadenopathy (Livne et al., 2020). However,
these evidences come mostly from the changes of these
parameters in response to the therapy.

The definition of the main parameters linked to inflammation
has been indirectly obtained by assessing the behavior of the same
bowel wall parameters, which result mostly affected, after biologic
or corticosteroid treatment and by correlating each feature of
bowel wall with the clinical (i.e. elevated CDAI, HBI) and
biochemical (CRP, calprotectin) parameters (Goodsall et al.,
2020). A large German multi-center study showed the
improvement of different IUS parameters (BWT, parietal
vascularization assessed by color-Doppler grade, lack of bowel
stratification and creeping fat and mesenteric lymph nodes) after
pharmacological treatment (Kucharzik et al., 2017).

The fact that BWT is one of the main parameters correlated
with inflammation has also been suggested by studies showing
that transmural healing, namely the normalization of the BWT
(e.g., <3 mm), is strongly correlated with mucosa healing, and
recent studies have shown a normalization of the thickened wall
in up to 25% of patients treated with anti-TNFα drugs
(Castiglione et al., 2013). A good concordance of BWT with
other diagnostic studies was demonstrated both with
ileocolonoscopy and MRI (Castiglione et al., 2013; Castiglione
et al., 2017), thus showing the potential role of IUS in monitoring
CD patients, even in pediatric age (Civitelli et al., 2016).

The available studies correlating US and histologic features
define a hypoechoic echo pattern, namely the absence or
disruption of the regular bowel wall stratification, in case of
prevalent inflammatory stenosis (Maconi et al., 2003) and color
Doppler US abnormalities of bowel wall (Sasaki et al., 2014a;
Sasaki et al., 2014b).

A recent study of Bhatnagar et al. evaluates different mural and
extramural US features as potential imaging predictors of
histologic inflammation by comparing IUS findings with
resection specimens and confirms a significant association of
bowel wall and mucosal layer thickness with acute inflammation,
while mesenteric fat echogenicity correlates with chronic
inflammation (Bhatnagar et al., 2021). A retrospective study
measured vascularity by means of color Doppler, using the

Limberg score to grade the presence of blood flow within and
around the bowel wall as an index of activity and inflammation,
and compared the findings with the histologic results obtained on
ileum biopsies of 32 CD patients. However, the association
between the Limberg score and histologic grades of disease
activity was poor (κ � 0.4375) (Drews et al., 2009).

More recently, an ultrasensitive ultrasound microvessel
imaging (UMI) technique, able to provide a significant higher
sensitivity in depicting smaller vessels compared with
conventional Doppler, has been developed and compared to
CT/MRI, in a pilot study of Gong et al.(Gong et al., 2020).
Altered vascularization was demonstrated in case of severe
inflammation, while no significant difference was found
between quiescent and mild CD.

Taken into account the data of the literature, an expert
consensus on inflammatory activity parameters, combined
with a blinded agreement study, showed that BWT is the most
important predictor of disease activity for ultrasound with a very
high inter-rater agreement and correlation with overall
assessment of disease activity. CDI, inflammatory mesenteric
fat and BWS, which are important parameters, show moderate
or nearly moderate agreement (Novak et al., 2020).

Different US activity scoring systems have been developed so
far. A recent systematic review identified different available
scoring systems created on the basis of endoscopic, radiologic
or histologic reference standards. However, a suboptimal
methodology was observed in these studies, suggesting the
need for further evaluations to identify a more reliable and
standardized index (Bots et al., 2018).

Small Intestine Contrast Ultrasonography (SICUS)
SICUS is a sonographic technique where the evaluation of the
small bowel is performed before and after the ingestion of an oral
contrast solution (approximately 500 ml of polyethylene glycol
solution, PEG). It has been used for the detection and
characterization of SB lesions and complications (Pallotta
et al., 2012), in particular with a better accuracy than
transabdominal US and comparable to radiologic examination
(Calabrese et al., 2005; Pallotta et al., 2005). However, an adequate
validation for activity monitoring compared with endoscopic
score is not available. The actual scores (i.e., SLIC:
sonographic lesion index for CD) have been compared to
clinical activity (CDAI and CRP levels) and used in the
evaluation of the response after induction or maintenance with
anti-TNFα therapy (Calabrese et al., 2012; Zorzi et al., 2014).
According to this small prospective study, a significant
improvement of SLIC was observed after the induction period.
Moreover, SICUS-responders to anti-TNFα agents have shown a
better long-term outcome in terms of need for surgery,
hospitalization rate and use for steroids (Zorzi et al., 2020).

Contrast-Enhanced Ultrasound
Unlike Doppler ultrasound, CEUS is able to detect slow-moving
blood flow in small vessels, also in deep-lying bowel wall
segments, and can provide qualitative and quantitative
evaluations of vascularity and perfusion of the bowel walls.
CEUS is performed after the injection of microbubbles
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(average diameter of 2.5 µm) in the blood stream. The US signals
reflected by microbubbles can be easily separated from tissue
signals by the softwares of the sonographic machines, and be used
to discriminate vascular from avascuar tissues (e.g., to separate
phlegmon from abscesses) and to quantify vascularity within the
specific tissues. The latter can be assessed in a dynamic qualitative
or semiqualitiative way, according to pattern of enhacement (e.g.
absence/presence of enhancement of different wall layers),
contrast quantification of peak intensity, or using parameters
of dynamic CEUS intensity changes over time (e.g. time-intensity
curves). In this setting, the application of CEUS in the evaluation
of inflammation and disease activity is raising great interest.
Migaleddu et al. reported a 93.5% sensitivity and 93.7%
specificity of CEUS enhancement patterns in detecting
inflammatory activity with a strong correlation with CDAI in
47 CD patients. CEUS accuracy was higher than US or Color
Doppler US (Migaleddu et al., 2009).

Besides the pattern of enhancement of the bowel wall, defined
as the description of the arrangement of the enhanced layer, Serra
et al. quantified the perfusion by using a quantitative ratio
between the major thickness of the enhanced layer (E) and the
thickness of the entire wall section (W) (Serra et al., 2007).
According to this study, an altered pattern of enhancement
and a E/W ratio ranging between 0.43 and 0.47 identified
active patients with a sensitivity 81% and specificity of 55–63%
(Serra et al., 2007).

The perfusion analysis with CEUS has demonstrated a
prognostic value in pharmacologically treated patients. Quaia
et al. identified different CEUS parameters, including the overall
vascularization assessed by the area under the time-intensity
curve, to discriminate responders from non-responders in
newly diagnosed and treated CD patients after 3 months of
therapy (Quaia et al., 2013). Moreover, Saevik et al. showed
that, in case of acute exacerbation requiring anti-TNFα drugs
or steroids, an high relative perfusion and thickened proper
muscle layer at 1 month was predictive of treatment failure
(Saevik et al., 2014). Ripolles et al.(Ripollés et al., 2009)
demonstrated that an increase of 46% as the threshold
brightness value has a 96% sensitivity and 73% specificity in
predicting a moderate-to-severe inflammation by endoscopy in
53 CD patients. Moreover, the association was confirmed even
when compared with histopathology. Indeed, Ripolles et al.
showed a significant association between increased contrast
enhancement (CE) and histologic inflammatory score in 28
analyzed segments (Ripollés et al., 2013).

However, comparisons among CEUS and histopathology
findings are limited. In a small prospective study, Wilkens et al.
comparedUS, CEUS andMREparameterswith histopathology of 25
patients with small bowel CD undergoing elective surgery,
confirming the role of bowel wall thickness as a marker of
inflammation, but reporting the failure of CEUS in discriminating
between inflammatory and fibrotic lesions (Wilkens et al., 2018).

CEUS has been applied also for the post-surgery recurrence.
Paredes et al. developed and applied an activity index to identify
postoperative recurrence in 60 CD patients. They found that the
combination of a 34.5% cut-off of maximum CE with the other
US parameters predicted endoscopic recurrence with a 94.4% of

accuracy and a good correlation (κ � 0.82; p < 0.001). A cut-off
>46% CE predicted a moderate–severe endoscopic recurrence
(Paredes et al., 2013). Recently, a score combining the US wall
thickness, the color Doppler grade and contrast parameters
showed an high degree of accuracy in the prediction of
endoscopic CD activity. A similar accuracy was maintained
even without considering CE results in a simpler version of
the score (Ripollés et al., 2021).

However, CEUS has some intrinsic limitations if compared to
traditional IUS. The perfusion quantification cannot be compared
among different scanners, and both time and costs are higher.
Moreover, reproducibility is affected by multiple confounding
factors depending on the imaging settings of the available
instrumentations, on the operator technique such as the
injection method and the pressure exerted by the probe on
inflamed bowel wall, and also on patients’ characteristics such
as the body habitus, the depth of the region of interest and the gas
in gut cavity (Cheng et al., 2016). However, the recent
introduction of specific software integrated into US devices
such as Qontrast (Bracco, Milan, Italy) and QLAB (Philips,
Koninklijke, Belgium) allows a quantitative and
semiquantitative analysis of contrast enhancement, limiting the
subjective component of the evaluation.

Sonoelastography
Sonoelastography is a relatively new sonographic technique that
assesses the stiffness of tissues. It is already used in clinical practice for
several applications, in particular for breast and thyroid evaluation,
and it has been more recently also proposed for assessing
gastrointestinal tract. Sonoelastography is able to estimate tissue
elasticity bymeans of US force that propagates a wave into the tissue.
Since the wave velocity depends on tissue mechanical properties and
mainly on its elasticity, it has been assumed that it is able to provide
information on histological features and more precisely on the
presence of fibrosis of the bowel wall.

There are two types of elastography: strain and shear wave
elastography. With strain elastography compressive force is
applied to tissues with repeated pulses to measure lesion
stiffness. This can be expressed on a color scale (e.g., from
red, soft to blue, hard) for qualitative assessment and/or
expressed as wall-to-mesenteric fat strain ratio (i.e., “strain
ratio”), for semi-quantitative assessment. In contrast to strain
elastography, shear-wave elastography uses an acoustic radiation
force impulse, which allows measurement of the propagation
speed of shear waves within the tissue. Shear waves propagate
faster in hard than in soft tissue and this allows to locally quantify
its stiffness. This can be qualitatively assessed by analyzing a
colour-scaled image and/or quantitively by determining the
maximum elasticity value in either kilopascals (kPa) or meters
per second. To date, a limited role is reserved for
sonoelastography in the identification of disease activity and
inflammation. Only one study assessed inflammation on UC
patients, showing a significant correlation between qualitative
images of real-time strain-elastography and the severity of lesions
at colonoscopy (Ishikawa et al., 2011). However, in more recent
studies, Serra et al. and Dillman et al. did not find any significant
relationship between elastography parameters and inflammation
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(Table 1) (Dillman et al., 2014; Serra et al., 2017). Thus, this
technique is mainly reserved to the assessment of fibrosis and the
differentiation between fibrotic and non-fibrotic stenoses.

INTESTINAL ULTRASOUND AND FIBROSIS

Applications
Due to the transmural inflammation in CD patients, endoscopic
assessment should be always combined with cross sectional
imaging diagnostic techniques, which provide a panoramic
evaluation of gut, beyond the evaluation of the mucosal
surface. ECCO-ESGAR guidelines suggest using an imaging
technique, such as IUS, MRE or CT enterography for the

assessment of the small bowel activity, for the response to
treatment or in case of relapse, persistent disease activity, new
unexplained symptoms, before changing in therapies and in
postoperative recurrence. The guidelines underlined the role of
both IUS andMRE for the detection of small bowel strictures, but
also pointed out their inability in the evaluation of the fibrosis.
Moreover, they suggest that the choice of the technique should be
taken accordingly to the center experience (Maaser et al., 2019).

In fact, according to an observational study involving 71 CD
patients, the overall accuracy of US was similar to MRE for the
detection of the mural lesions. However, the specificity of US was
superior to MRE for bowel wall thickness, loss of wall
stratification and stenosis, while the MRE had higher
sensitivity in the detection of loss of wall stratification and

TABLE 1 | Imaging techniques and assessment of inflammation in CD compared with histology (i.e., reference standard: histopathology resection). Adapted from
Bettenworth et al. (2019) and Gordon et al. (2020).

Study
Year
Type

Pts
(n)

Imaging
technique

Features Results

Maconi et al.
(2003)

43 US Evaluation of echo pattern (hypoechoic, stratified or
mixed)

Successful differentiation between inflammatory, mixed
and fibrotic strictures.

2003 Inflammatory stenoses showed a hypoechoic echo
patternProspective

Ripollés et al.
(2013)

25 CDUS Assessment of: Successful differentiation in inflammatory and fibrotic
strictures

2013 CEUS -Wall thickness Transmural complications, color Doppler grade and
percentage of increase in contrast enhancement were
significantly associated with the pathology inflammatory
score (p � 0.018, p � 0.036 and p � 0.005, respectively)

Prospective -Inflammatory markers: Loss of stratification, transmural
complications, lymphadenopathy

Sonographic and pathology scores showed a good
correlation in inflammation (Spearman’s, r � 0.53)

-US Doppler signal
-Quantitative CE
-Presence of stenosis or prestenotic dilation

Wilkens et al.
(2018)

25 CEUS (+CE MR
enterography)

Peak signal intensity, time to peak, area under the time-
intensity curve, wash-in rate, wash-out rate, wash-in
perfusion index, area under the curve during wash-in and
wash-out, fall time, mean transit time

Unsuccessful differentiation in none, mild/moderate to
severe fibrosis and inflammation using CE imaging

2018 Successful determination of the degree of inflammation
and fibrosis (none, mild/moderate to severe) using US
without CE effects

Prospective Correlation between US wall thickness and histological
inflammation (p � 0.001)
No correlation was found between the severity of
inflammation or fibrosis on histopathology and on CEUS

Girlich et al.
(2011)

20 CEUS Description of the perfusion pattern of the inflamed bowel
wall

Significant correlation with the parameters of the
quantitative CEUS analysis

2011 Specific quantification software employ for perfusion
assessment

Strong negative correlation (r � – 0.677, p < 0.01) between
the histopathological score and the time-to-peak (TTP)

Prospective Strong correlation between TTP and single parameters of
the histopathological scoring system (erosion, crypt
architecture, crypt, density of eosinophils, excess of
intraepithelial neutrophils)

Serra et al.
(2017)

26 Strain elastography Strain ratio measurement Unsuccessful differentiation in fibrosis and inflammation

2017 No correlation was found between strain ratio and
inflammation (p � 0.53)Prospective

Dillman et al.
(2014)

12 Shear wave
elastography

Shear wave speed No significant difference in mean shear wave speed
between high–score and low–inflammation score bowel
segments

2014 The relationship between bowel wall shear wave speed
and inflammation was less correlative and nonsignificantProspective
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stenosis. US had higher sensitivity in the detection of ascites,
while other mesenteric parameters were similar for both
techniques (Yuksel et al., 2019).

Identification and Characterization of Strictures
CD is a chronic relapsing inflammatory disease, which evolves in
a progressive and irreversible damage of the bowel. According to
the Montreal Classification (Sturm et al., 2019), the course of the
disease could be penetrating, stricturing or non stricturing/non
penetrating. However, this classification is not fixed over time,
and the clinical history can change or show mixed types, such as
fistula and abscess combined with strictures leading to a high risk
of surgery (Gionchetti et al., 2017). This is particularly true for
ileal CD, which is usually an inflammatory disease at the time of
diagnosis but may become stricturing and penetrating, as well as
complicated by strictures and then fistulas and abscesses during
the following 10–15 years in almost all patients (Cosnes, 2008).

The stricture, with or without penetrating complication, is still
the main indication for surgery, and up to 70% of patients during
their life undergo a surgical operation for this complication
(Bernell et al., 2000). However, strictures in CD are not always
an irreversible condition. The CD strictures show different degrees
of inflammation and fibrosis. Rarely, a stricture in CD patients is
purely either fibrotic or inflammatory (Rieder et al., 2017).

Since the management and treatment of inflammatory
strictures is different from fibrotic strictures, it is useful to
differentiate which form is predominant. In particular,
inflammation can be successfully treated with medical therapy,
such as corticosteroids or targeting TNFα, but fibrosis is an
irreversible condition that can be treated only mechanically
with balloon dilatation or bowel resection (Gomollón et al., 2017).

Therefore, the differentiation between inflammatory and
fibrotic stricture is crucial for the management of CD patients.
Unfortunately, no biomarkers, endoscopy or histology could
identify the proportion of fibrosis within the stenosis.
Likewise, no imaging technique is validated for the
identification of the proportion of fibrosis. However, new
imaging techniques are emerging and could help in the
assessment of the fibrosis within the strictures. In particular,
CEUS and Doppler US may evaluate hypervascularity correlated
with proportion of inflammation, and sonoelastography, which is
a technique that measures the stiffness of tissues, could be used
for the identification of fibrosis (Maaser et al., 2019).

The sensitivity and specificity of IUS for the diagnosis of
strictures in CD patients range between 80–100% and 63–75%,
respectively (Bettenworth et al., 2019), but the differentiation of
fibrotic strictures from the inflammatory ones is still a challenge.

The gold standard of the diagnosis of fibrosis remains
histology through the analysis of surgical specimens. As
reported by Chen et al., smooth muscle hypertrophy and
hyperplasia is the most prominent histological change in
fibrostenosic bowel strictures. In Crohn’s strictures we can
find also neuronal and adipose hyperplasia along with active
and chronic inflammation and fibrosis. In particular, in Crohn’s
strictures the normal submucosal collagen and adipose tissue are
replaced by fibrosis and accompanied by hyperplasia of the
muscularis mucosa, the so called muscularization of the

submucosa. The muscularis propria is also thickened and
expanded by collagen (Chen et al., 2017). All these factors
concur to produce the bowel wall thickening detectable by
IUS, and in determining the narrowing of the lumen of the
bowel. These are inversely correlated, because even only a bit
improvement in the thickening suffice to produce a large increase
of the luminal area (Yaffe and Korelitz, 1983).

Several studies have been published about the accuracy of
imaging techniques to differentiate between fibrotic and
inflammatory components of the stricture. However, only few
studies compared these techniques with histology (Table 2).

Prognostic Value (Treatment Response)
The assessment of fibrosis on treatment response have been
investigated only in one study from Orlando et al. (Orlando
et al., 2018). 31 patients without strictures were assessed by strain
elastography before a biologic treatment and 3 and 12 months
later. Bowel wall thickening and strain ratio have been assessed.
The study showed that baseline BWTwas not different in patients
who responded to the pharmacological treatment and those who
underwent operation, while the baseline strain ratio (and so the
stiffness of the bowel wall) was significantly greater in patients
who underwent operation in the following 2 years and in those
who did not reach transmural healing. In particular a SR > 2 was
able to discriminate the risk of poor outcome after biologics in the
following 2 years (Orlando et al., 2018).

Post Operative Recurrence
A large proportion of CD patients, particularly patients with ileal
CD, require surgery due to strictures, penetrating disease, or
refractoriness to medical treatment. Noteworthy, more than half
of them need further surgeries for the same complication
(Buisson et al., 2012). To date, the evaluation of the risk of
clinical and surgical recurrence for these patients, relies on
assessment of presence and severity of endoscopic recurrence
by means of Rutgeert’s score, performed within one year after
surgery (Gionchetti et al., 2017).

ECCO guidelines have recognized that IUS is a useful
emerging tool, alternative to ileocolonoscopy, to identify
postoperative recurrence (Maaser et al., 2019). A meta-analysis
has shown that the detection by IUS of a pre-anastomic BWT
≥3 mm may detect a postoperative recurrence with an overall
sensitivity and specificity of 0.94 (95% CI, 0.86–0.97) and 0.84
(95% CI, 0.62–0.94) and that a post-operative BWT ≥5.5 mm
may predict a severe postoperative recurrence (Rutgeert’s ≥ 3)
with a sensitivity of 83.8% (95% CI, 73.6–90.6%) and specificity of
97.7% (95% CI, 93–99%) (Rispo et al., 2018).

However, it should be acknowledged this meta-analysis
included some studies with a small number of patients and
with a very high pretest probability of recurrence, thus making
the sensitivity of IUS likely oversized. In addition the studies that
assessed the accuracy of IUS before 6 months (e.g. at 3 or
6 months) provided disappointing results.

Overall, IUS is now considered a promising tool for assessing
postoperative recurrence and to predict the long term outcome of
patients. However, prospective studies using IUS coupled with
new technologies (e.g., CEUS or elastography) and combined

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6799246

Ferretti et al. IUS Evaluation Fibrosis and Inflammation in CD

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


with fecal calprotectin are awaited to estimate the postoperative
risk of stenosis and new surgeries in CD patients. On this regard,
it has been demonstrated that in post-operative patients,
independently of the time from the previous surgery, a BWT
>3 mm may double the risk of surgical recurrence compare to
patients with BWT <3 mm, and that the incidence of new surgical
interventions is positively correlated with the degree of BWT
(Cammarota et al., 2013). Likewise, also in patients who undergo
conservative surgery (e.g. stricturoplasties or minimal bowel
resections) (Maconi et al., 2001), the behavior of BWT may be
a relevant prognostic factor. In fact, the improvement of BWT
>2 mm compared to baseline or the normalization of BWT at
6–12 months after surgery has significant favorable prognostic
impact on clinical and surgical recurrence, while the IUS
detection of unchanged or worsened BWT after surgery
predicts a high risk of clinical and surgical recurrence (Maconi
et al., 2001). However, the real long term prognostic value of
postoperative IUS findings needs further confirmations, as well as
the usefulness of therapy escalation, if any, in these patients.

Techniques and Parameters
IUS can detect strictures as intestinal segments characterized by
thickened bowel walls, narrowing of the lumen with proximal
bowel dilatation greater than 25 mm (Maconi et al., 1996; Panés
et al., 2011; Maconi et al., 2018). In particular, in a recent
systematic review, the features used to identify the stricture
were at least one among luminal narrowing, wall thickness
and prestenotic dilatation. Using only one feature, the
sensitivity was 80% and specificity 75%. The SICUS which
uses 500–750 ml of PEG oral solution before IUS had
sensitivity 88–98% and specificity 88–100% for the diagnosis
of the stricture using all three parameters (Bettenworth et al.,
2019).

B-Mode Ultrasound and Color-Doppler Ultrasound
Regarding the accuracy of IUS in suggesting fibrosis of CD, it
has been shown that the thickening of the muscularis
propria (clearly visible with IUS), but not the entire bowel
wall thickening, was predictive of treatment response and,

TABLE 2 | Imaging techniques and characterization of the fibrotic stricture compared with histology.

Study Year N
pts

Imaging
technique

Features Histopathologic
index

Results

Maconi et al.
(2003)

2003 43 TUS Stratified echo pattern or hypoechoic
pattern

Fazio et al Sensitivity 100% specificity 63.3%, PPV
72%, NPV 100% of stratified or mixed
echo pattern associated with moderate-
severe or intermediate degree of fibrosis
in muscolaris mucosae and submucosa

Wilkens et al.
(2018)

2018 25 TUS -Wall thickness Chiorean et al -Wall thickness was correlated to fibrosis
(r � 0.399, p � 0.048)

CEUS -Peak enhancement, total area under
curve, wash-in and wash-out area
under curve, wash-in perfusion index,
wash-in rate, rise and fall time, mean
transit time local

-No correlation was found between
CEUS and fibrosis (r � -0.28, p � 0.19)

Ripollés et al.
(2013)

2013 25 CDUS -Stenosis, prestenotic dilatation, color
Doppler grade 0 or 1, contrast
enhancement <46%

Chiorean et al -Good correlation between US and
histopathological score (Spearman’s, r
� 0.50)

CEUS -A formula to calculate the percentage
of increase in wall brightness and the
“time-to-peak”

-Using a cut-off of 65% of enhancement
increase, CEUS had sensitivity 93%,
specificity 69%, PPV 78%, NPV 90%,
accuracy 82%

Baumgart
et al. (2015)

2015 10 US-based real-
time
elastography

RTE strain mean values Collagen deposits RTE strain values were significantly
higher in unaffected segments compared
with affected (p < 0.001)

Serra et al.
(2017)

2017 26 TUS -Thickness and stratification score Chiorean et al. No correlation was found between
thickness score (p � 0.198), stratification
score (p � 0.632), Color-Doppler score
(p � 0.288), CEUS score (p � 0.205) and
MSR (p � 0.877)

CDUS -Color-Doppler score
CEUS -CEUS score
RTE -Mean strain ratio (MSR)

Chen et al.
(2018)

2018 35 SWE Shear-wave elastography (SWE) Semiquantitativscoring system Cut-off of SWE 22.5 kPa had sensitivity
69.6%, specificity 91.7% and AUROC
0.822 to differentiate between mild/
moderate and severe fibrosis

Lu et al.
(2017)

2017 15 -CEUS -Peak enhancement Active and chronic inflammation,
fibrosis, and muscular
hypertrophy

-Peak enhancement was negatively
correlated with fibrosis (r 1⁄ 4 20.59, p
1⁄ 4 0.02)

-SWE -SWE measures -No significant correlation between SWE
and fibrosis (p � 0.05)
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in particular, of poor response to anti-TNFα therapy (Saevik et al.,
2014).

A prospective study including 43 CD patients operated for a
single ileal stricture shows that the stratified ormixed echopattern
of the wall of the stricture was associated with a moderate-severe
or intermediate degree of fibrosis showing a 100% sensitivity,
63.3% specificity, 72% PPV and 100% NPV. The hypoechoic
echopattern was more related to the presence of neutrophil
infiltrate (Maconi et al., 2003).

Wall thickness measured by IUS was reported associated to
fibrosis in a small cohort of CD patients but without a significant
correlation between CEUS and fibrosis (Wilkens et al., 2018).

A recent study assessed the utility of mural and extramural
sonographic features of CD as markers of inflammation and
fibrosis in comparison to histological sections of the bowel of 12
operated CD patients. It shows that mucosal thickness wasmainly
associated with fibrosis (Bhatnagar et al., 2021).

Another study evaluated the accuracy of US, by using several
parameters - such as wall thickness, transmural complications,
color Doppler grade, quantitative analysis of the contrast
enhancement at CEUS and the presence and severity of
strictures - to characterize intestinal inflammation and fibrosis
in CD strictures. When compared to the histopathology findings,
a negative association was found between the color Doppler grade
and the pathologic fibrostenotic score (Ripollés et al., 2013).

Contrast-Enhanced Ultrasound
International guidelines recommend the use of CEUS to detect
hypervascularity and inflammatory activity of CD strictures
(Sidhu et al., 2018). Indeed, the intravenous contrast agent
enhances the highly vascularized Crohn’s stenotic segments,
which are more likely inflammatory stenosis, and it does not
enhance the non-vascularized ones, which are likely fibrotic
(Wilson and Burns, 2010).

However, the quantitative assessment of the blood flow within
the wall of strictures, inflammatory or fibrotic, may be difficult
and not always reliable. Several parameters have been identified
to describe and give an estimation of the flow such as the wash in
rate, the time to peak, the peak enhancement and the area under
the curve (Quaia et al., 2018). Using some of these parameters, the
first studies evaluated the blood flow within the wall of the
strictures compared to histologic findings, showing positive
and very promising results. A small study, including 8 CD
patients who underwent CEUS and surgery in the following
year, has shown that three patients with fibrotic strictures had
no or low signal echo intensity after contrast administration
(Kratzer et al., 2002). These preliminary results have been
confirmed by another study showing that a 65% of contrast
enhancement within the stricture wall had sensitivity,
specificity, PPV, NPV and accuracy of 93, 69, 78, 90, and 82%
for discriminating predominant inflammatory from predominant
fibrotic stenoses (Ripollés et al., 2013). These promising results
have been confirmed by Lu et al. who showed an inverse
correlation between the peak enhancement at CEUS and the
histological degree of fibrosis (Lu et al., 2017), but not by other
studies (Serra et al., 2017; Wilkens et al., 2018). In particular,
Wilkens et al. used several CEUS parameters to characterize the

stricture but did not find any positive or negative correlation
between CEUS parameters and the histological features of the
strictures. Interestingly, also MRE parameters did not show any
positive or negative correlation with histological fibrosis and
inflammation (Wilkens et al., 2018).

Sonoelastography
An interesting sonographic tool that may be used to characterize
the strictures and assess fibrosis is elastography, both strain
elastography and shear-wave elastography (SWE). The strain
elastography investigates the stiffness of the bowel wall by
means of repeated pressures with the probe on the abdominal
wall. The system informs the operator when the signal is stable
and reliable or reproducible and the image is captured and
analyzed. Conventionally, the blue or red color means hard or
soft tissue, respectively. The system gives either a qualitative and
subjective assessment of the stiffness by examining the colors, and
a quantitative estimation of the stiffness, by comparing the value
within a region of interest in the wall with a similar one outside of
the wall, usually taken from the softer tissue around (Stidham
et al., 2011; Lu et al., 2019; Vestito et al., 2019). On the contrary,
the SWE is a system that directly calculates the elasticity in
kPascal thanks to the diffusion of the beam within the tissue
in specific regions of interest, without the necessity to pressurize
repeatedly the abdomen (Vestito et al., 2019).

A meta-analysis, whose conclusion has some limitations due
to high heterogeneity and patient selection between the six studies
included, shows that sonoelastography could be useful to detect
fibrosis in CD strictures. Three studies used strain elastography
and showed that the strain ratio was higher in strictures with
fibrosis compared to strictures without fibrosis (p � 0.05). Similar
results were found by the other three studies that used SWE,
where the strain value was statistically higher in fibrotic stenosis
(p � 0.08) (Vestito et al., 2019).

A few studies have also compared the sonoelastography results
with histological evaluation. Fraquelli et al. assessed the ileal
strictures in Crohn’s patients by strain elastography, comparing
the results with the rate of fibrosis assessed by histology. The ileal
wall fibrosis percentages in histological sections showed a
significant and positive correlation with ileal wall strain ratios
obtained by elastography (p � 0.005) (Fraquelli et al., 2015).

A small study, including 16 CD patients with either ileocolonic
localization or postoperative recurrence, showed that fibrotic
strictures had a significantly higher axial-strain
sonoelastography scores than inflammatory strictures
(Sconfienza et al., 2016). Chen et al. performed SWE in 35 CD
patients who underwent surgery within one week and
demonstrated that SWE was significantly higher in patients
with fibrosis in the stricture than in patients with
inflammation. Setting 22.55 kPa as the cut-off value, the
sensitivity was 69.6%, the specificity reached 91.7% with the
area under the ROC curve (AUROC) of 0.822, thus allowing
to differentiate between mild/moderate and severe fibrosis (Chen
et al., 2018).

However, not all the studies showed positive and promising
results. Lu et al. did not find a significant correlation between
SWE and fibrosis (p � 0.05) (Lu et al., 2017), but reported a
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moderate correlation between SWE and muscular hypertrophy (r
1⁄4 0.59, p 1⁄4 0.02) in 15 CD patients. Serra et al. reported data
from 26 CD patients who underwent IUS, color-Doppler, CEUS
and real time elastography, without finding any correlation
between any of the previous techniques and fibrosis score at
the histological examination (Serra et al., 2017).

CONCLUSION

Despite the high accuracy of US in detecting strictures, and the
promising results obtained with the novel sonographic
techniques such as CEUS and sonoelastography, several
limitations are still present and more studies are needed before
using these technique in routine clinical practice and trials.

Ultrasound is a well-known operator and patient dependent
technique and, apart from operator experience, there are bowel
segments that are difficult to scan by IUS, such as proximal ileum,
jejunum and deep pelvic loops due to intestinal gaseous content,
which is rather frequent in patients with chronic strictures. In
addition, the fine evaluation of long strictures and multiple
strictures may be difficult, particularly in case of quantitative
assessment with CEUS and elastography because of need of
repeated measurements, and the uncertainty on the exact part
of the stenotic segment that should be evaluated. On this regard,
MRE, which offers a multiparametric more panoramic view, may
be more accurate.

Like MRE, the bowel evaluation with IUS currently allows a
multiparametric approach where B-mode, Doppler, CEUS and
elastography can be applied to simultaneously assess
inflammation and fibrosis in the same segment. A preliminary
experience on this multiparametric approach has been performed

using in combination IUS, CEUS, and sonoelastography by two
readers providing an accuracy of 70 and 75% with the area under
the ROC curve (AUROC) of 0.953 and 0.921 and both were
significantly higher than the single technique in the detection of
fibrosis (p � 0.001 and p < 0.05, respectively) (Quaia et al., 2018).

In the last years, important steps have been done in this
direction. First, a valid gold standard for fibrosis and
inflammation, which is mandatory to have reliable studies, has
been defined. Important systematic reviews and research groups
have appropriately addressed this point (Bettenworth et al., 2019;
De Voogd et al., 2020). Then, the concept has emerged that the
IUS parameters and scores obtained by each technique need a
validation and should be reproducible. This has been done in few
studies including this review, but the big challenge remains to
assess CD activity (Novak et al., 2020), an issue that will be faced
for strictures in the near future.

If these criteria will be fulfilled by IUS and MRI, we will have
powerful tools to study strictures and fibrosis of CD, we will able
to select the most appropriate diagnostic techniques for our
patients, reliable to decide if a stricture should be surgically or
medically treated and to monitor its outcome after the therapy.

AUTHOR CONTRIBUTIONS

FF and RC contributed equally. FF and RC: made the literature
search, wrote the draft of the manuscript and approved the final
manuscript as submitted. SA and JM: edited and critically
reviewed the manuscript and approved the final manuscript as
submitted. GM: conceptualized and designed the study, made the
literature search, critically reviewed the manuscript and approved
the final manuscript as submitted.

REFERENCES

Astegiano, M., Bresso, F., Cammarota, T., Sarno, A., Robotti, D., Demarchi, B., et al.
(2001). Abdominal Pain and Bowel Dysfunction: Diagnostic Role of Intestinal
Ultrasound. Eur. J. Gastroenterol. Hepatol. 13 (8), 927–931. doi:10.1097/
00042737-200108000-00009

Baumgart, D. C., Müller, H. P., Grittner, U., Metzke, D., Fischer, A., Guckelberger,
O., et al. (2015). US-based Real-Time Elastography for the Detection of Fibrotic
Gut Tissue in Patients with Stricturing Crohn Disease. Radiology 275 (3),
889–899. doi:10.1148/radiol.14141929

Bernell, O., Lapidus, A., and Hellers, G. (2000). Risk Factors for Surgery and
Postoperative Recurrence in Crohn’s Disease. Ann. Surg. 231 (1), 38–45. doi:10.
1097/00000658-200001000-00006

Bettenworth, D., Bokemeyer, A., Baker, M., Mao, R., Parker, C. E., Nguyen, T., et al.
(2019). Assessment of Crohn’s Disease-Associated Small Bowel Strictures and
Fibrosis on Cross-Sectional Imaging: a Systematic Review. Gut 68 (6),
1115–1126. doi:10.1136/gutjnl-2018-318081

Bhatnagar, G., Rodriguez-Justo, M., Higginson, A., Bassett, P., Windsor, A., Cohen,
R., et al. (2021). Inflammation and Fibrosis in Crohn’s Disease: Location-
Matched Histological Correlation of Small Bowel Ultrasound Features. Abdom.
Radiol. 46 (1), 144–155. doi:10.1007/s00261-020-02603-6

Bots, S., Nylund, K., Löwenberg, M., Gecse, K., Gilja, O. H., and D’Haens, G. (2018).
Ultrasound for AssessingDisease Activity in IBD Patients: A Systematic Review of
Activity Scores. J. Crohn’s colitis. 12 (8), 920–929. doi:10.1093/ecco-jcc/jjy048

Buisson, A., Chevaux, J. B., Allen, P. B., Bommelaer, G., and Peyrin-Biroulet, L.
(2012). Review Article: the Natural History of Postoperative Crohn’s Disease
Recurrence. Lett. Editors 35, 625–633. doi:10.1111/j.1365-2036.2012.05002.x

Buisson, A., Hordonneau, C., Goutte, M., Boyer, L., Pereira, B., and Bommelaer, G.
(2015). Diffusion-weighted Magnetic Resonance Imaging Is Effective to Detect
Ileocolonic Ulcerations in Crohn’s Disease. Aliment. Pharmacol. Ther. 42 (4),
452–460. doi:10.1111/apt.13287

Buisson, A., Pereira, B., Goutte, M., Reymond, M., Allimant, C., Obritin-Guilhen,
H., et al. (2017). Magnetic Resonance Index of Activity (MaRIA) and Clermont
Score Are Highly and Equally Effective MRI Indices in Detecting Mucosal
Healing in Crohn’s Disease. Dig. Liver Dis. 49 (11), 1211–1217. doi:10.1016/j.
dld.2017.08.033

Calabrese, E., La Seta, F., Buccellato, A., Virdone, R., Pallotta, N., Corazziari, E.,
et al. (2005). Crohnʼs Disease: A Comparative Prospective Study of
Transabdominal Ultrasonography, Small Intestine Contrast
Ultrasonography, and Small Bowel Enema. Inflamm. Bowel Dis. 11 (2),
139–145. doi:10.1097/00054725-200502000-00007

Calabrese, E., Zorzi, F., Zuzzi, S., Ooka, S., Onali, S., Petruzziello, C., et al. (2012).
Development of a Numerical Index Quantitating Small Bowel Damage as
Detected by Ultrasonography in Crohn’s Disease. J. Crohn’s Colitis 6 (8),
852–860. doi:10.1016/j.crohns.2012.01.015

Calabrese, E.,Maaser, C., Zorzi, F., Kannengiesser, K., Hanauer, S. B., Bruining, D. H.,
et al. (2016). Bowel Ultrasonography in the Management of Crohnʼs Disease. A
Review with Recommendations of an International Panel of Experts. Inflamm.
Bowel Dis. 22 (5), 1168–1183. doi:10.1097/mib.0000000000000706

Cammarota, T., Ribaldone, D. G., Resegotti, A., Repici, A., Danese, S., Fiorino, G.,
et al. (2013). Role of Bowel Ultrasound as a Predictor of Surgical Recurrence of
Crohn’s Disease. Scand. J. Gastroenterol. 48, 552–555. doi:10.3109/00365521.
2013.777774

Carter, D., Katz, L. H., Bardan, E., Salomon, E., Goldstein, S., Ben Horin, S., et al.
(2018). The Accuracy of Intestinal Ultrasound Compared with Small Bowel

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6799249

Ferretti et al. IUS Evaluation Fibrosis and Inflammation in CD

https://doi.org/10.1097/00042737-200108000-00009
https://doi.org/10.1097/00042737-200108000-00009
https://doi.org/10.1148/radiol.14141929
https://doi.org/10.1097/00000658-200001000-00006
https://doi.org/10.1097/00000658-200001000-00006
https://doi.org/10.1136/gutjnl-2018-318081
https://doi.org/10.1007/s00261-020-02603-6
https://doi.org/10.1093/ecco-jcc/jjy048
https://doi.org/10.1111/j.1365-2036.2012.05002.x
https://doi.org/10.1111/apt.13287
https://doi.org/10.1016/j.dld.2017.08.033
https://doi.org/10.1016/j.dld.2017.08.033
https://doi.org/10.1097/00054725-200502000-00007
https://doi.org/10.1016/j.crohns.2012.01.015
https://doi.org/10.1097/mib.0000000000000706
https://doi.org/10.3109/00365521.2013.777774
https://doi.org/10.3109/00365521.2013.777774
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Capsule Endoscopy in Assessment of Suspected Crohn’s Disease in Patients
with Negative Ileocolonoscopy. Therap Adv. Gastroenterol. 11,
1756284818765908. doi:10.1177/1756284818765908

Castiglione, F., Testa, A., Rea, M., De Palma, G. D., Diaferia, M., Musto, D., et al.
(2013). Transmural Healing Evaluated by Bowel Sonography in Patients with
Crohn’s Disease on Maintenance Treatment with Biologics. Inflamm. Bowel
Dis. 19 (9), 1928–1934. doi:10.1097/mib.0b013e3182802b87

Castiglione, F., Mainenti, P., Testa, A., Imperatore, N., De Palma, G. D., Maurea, S.,
et al. (2017). Cross-sectional Evaluation of Transmural Healing in Patients with
Crohn’s Disease onMaintenance Treatment with Anti-TNF Alpha Agents. Dig.
Liver Dis. 49 (5), 484–489. doi:10.1016/j.dld.2017.02.014

Chen, W., Lu, C., Hirota, C., Iacucci, M., Ghosh, S., and Gui, X. (2017). Smooth
Muscle Hyperplasia/Hypertrophy Is the Most Prominent Histological Change
in Crohn’s Fibrostenosing Bowel Strictures: A Semiquantitative Analysis by
Using a Novel Histological Grading Scheme. J. Crohns. Colitis. 11 (1), 92–104.
doi:10.1093/ecco-jcc/jjw126

Chen, Y. J., Mao, R., Md, X. H. L., Cao, Q. H., Chen, Z. H., Liu, B. X., et al. (2018).
Real-Time Shear Wave Ultrasound Elastography Differentiates Fibrotic from
Inflammatory Strictures in Patients with Crohn’s Disease. Inflamm. Bowel Dis.
24 (10), 2183–2190. doi:10.1093/ibd/izy115

Cheng, W., Gao, X., Wang, W., Zhi, M., Tang, J., Wen, Y.-l., et al. (2016).
Preliminary Analysis of Clinical Situations Involved in Quantification of
Contrast-Enhanced Ultrasound in Crohn’s Disease. Ultrasound Med. Biol.
42 (8), 1784–1791. doi:10.1016/j.ultrasmedbio.2016.03.001

Civitelli, F., Nuti, F., Oliva, S., Messina, L., La Torre, G., Viola, F., et al. (2016).
Looking beyond Mucosal Healing. Inflamm. Bowel Dis. 22 (10), 2418–2424.
doi:10.1097/mib.0000000000000897

Cosnes, J., Cattan, S., Blain, A., Beaugerie, L., Carbonnel, F., Parc, R., et al. (2002).
Long-term Evolution of Disease Behavior of Crohn’s Disease. Inflamm. Bowel
Dis. 8 (4), 244–250. doi:10.1097/00054725-200207000-00002

Cosnes, J. (2008). Crohn’s Disease Phenotype, Prognosis, and Long-Term
Complications: what to Expect? Acta Gastroenterol. Belg. 71 (3), 303–307.

De Voogd, F. A., Mookhoek, A., Gecse, K. B., De Hertogh, G., Bemelman, W. A.,
Buskens, C. J., et al. (2020). Systematic Review: Histological Scoring of Strictures
in Crohn’s Disease. J. Crohns Colitis 14 (6), 734–742. doi:10.1093/ecco-jcc/
jjz177

Dillman, J. R., Stidham, R. W., Higgins, P. D. R., Moons, D. S., Johnson, L. A.,
Keshavarzi, N. R., et al. (2014). Ultrasound Shear Wave Elastography Helps
Discriminate Low-Grade from High-Grade Bowel Wall Fibrosis in Ex Vivo
Human Intestinal Specimens. J. Ultrasound Med. 33 (12), 2115–2123. doi:10.
7863/ultra.33.12.2115

Drews, B. H., Barth, T. F. E., Hänle, M. M., Akinli, A. S., Mason, R. A., Muche, R.,
et al. (2009). Comparison of Sonographically Measured BowelWall Vascularity,
Histology, and Disease Activity in Crohn’s Disease. Eur. Radiol. 19 (6),
1379–1386. doi:10.1007/s00330-008-1290-5

Fraquelli, M., Branchi, F., Cribiù, F. M., Orlando, S., Casazza, G., Magarotto, A.,
et al. (2015). The Role of Ultrasound Elasticity Imaging in Predicting Ileal
Fibrosis in Crohnʼs Disease Patients. Inflamm. Bowel Dis. 21 (11), 2605–2612.
doi:10.1097/mib.0000000000000536

Gionchetti, P., Dignass, A., Danese, S., Magro Dias, F. J., Rogler, G., Lakatos, P. L.,
et al. (2017). 3rd European Evidence-Based Consensus on the Diagnosis and
Management of Crohn’s Disease 2016: Part 2: Surgical Management and Special
Situations. J. Crohns Colitis 11 (2), 135–149. doi:10.1093/ecco-jcc/jjw169

Girlich, C., Jung, E. M., Huber, E., Ott, C., Iesalnieks, I., Schreyer, A., et al. (2011).
Comparison between Preoperative Quantitative Assessment of Bowel Wall
Vascularization by Contrast-Enhanced Ultrasound and Operative Macroscopic
Findings and Results of Histopathological Scoring in Crohn’s Disease.
Ultraschall Med. 32 (2), 154–159. doi:10.1055/s-0029-1245398

Gomollón, F., Dignass, A., Annese, V., Tilg, H., Van Assche, G., Lindsay, J. O., et al.
(2017). 3rd European Evidence-Based Consensus on the Diagnosis and
Management of Crohn’s Disease 2016: Part 1: Diagnosis and Medical
Management. J. Crohns Colitis 11 (1), 3–25. doi:10.1093/ecco-jcc/jjw168

Gong, P., Song, P., Kolbe, A. B., Sheedy, S. P., Huang, C., Ling, W., et al. (2020).
Quantitative Inflammation Assessment for Crohn Disease Using Ultrasensitive
Ultrasound Microvessel Imaging. J. Ultrasound Med. 39 (9), 1819–1827. doi:10.
1002/jum.15290

Goodsall, T. M., Nguyen, T. M., Parker, C. E., Ma, C., Andrews, J. M., Jairath, V.,
et al. (2020). Systematic Review: Gastrointestinal Ultrasound Scoring Indices

for Inflammatory Bowel Disease. J. Crohns Colitis 15 (1), 125–142. doi:10.1093/
ecco-jcc/jjaa129

Gordon, I. O., Bettenworth, D., Bokemeyer, A., Srivastava, A., Rosty, C., de
Hertogh, G., et al. (2020). Histopathology Scoring Systems of Stenosis
Associated with Small Bowel Crohn’s Disease: A Systematic Review.
Gastroenterology 158 (1), 137–150. doi:10.1053/j.gastro.2019.08.033

Hollerbach, S., Geissler, A., Schiegl, H., Kullmann, F., Lock, G., Schmidt, J., et al.
(1998). The Accuracy of Abdominal Ultrasound in the Assessment of Bowel
Disorders. Scand. J. Gastroenterol. 33 (11), 1201–1208. doi:10.1080/
00365529850172575

Ishikawa, D., Ando, T., Watanabe, O., Ishiguro, K., Maeda, O., Miyake, N., et al.
(2011). Images of Colonic Real-Time Tissue Sonoelastography Correlate with
Those of Colonoscopy and May Predict Response to Therapy in Patients with
Ulcerative Colitis. BMC Gastroenterol. 11, 29. doi:10.1186/1471-230x-11-29

Kopylov, U., Yung, D. E., Engel, T., Vijayan, S., Har-Noy, O., Katz, L., et al. (2017).
Diagnostic Yield of Capsule Endoscopy versus Magnetic Resonance
Enterography and Small Bowel Contrast Ultrasound in the Evaluation of
Small Bowel Crohn’s Disease: Systematic Review and Meta-Analysis. Dig.
Liver Dis. 49 (8), 854–863. doi:10.1016/j.dld.2017.04.013

Kratzer, W., von Tirpitz, C., Mason, R., Reinshagen, M., Adler, G., Möller, P., et al.
(2002). Contrast-enhanced Power Doppler Sonography of the IntestinalWall in
the Differentiation of Hypervascularized and Hypovascularized Intestinal
Obstructions in Patients with Crohn’s Disease. J. Ultrasound Med. 21 (2),
149. doi:10.7863/jum.2002.21.2.149

Kucharzik, T., Wittig, B. M., Helwig, U., Börner, N., Rössler, A., Rath, S., et al.
(2017). Use of Intestinal Ultrasound to Monitor Crohn’s Disease Activity. Clin.
Gastroenterol. Hepatol. 15 (4), 535–542. doi:10.1016/j.cgh.2016.10.040

Livne, M., Amitai, M. M., Klang, E., Ben Horin, S., Ungar, B., Levartovsky, A., et al.
(2020). Qualitative Sonographic Assessment of Transmural Ileal Inflammation
in Crohn’s Disease. Eur. J. Gastroenterol. Hepatol. [Epub ahead of print]. doi:10.
1097/MEG.0000000000002016

Lu, C., Gui, X., Chen, W., Fung, T., Novak, K., andWilson, S. R. (2017). Ultrasound
Shear Wave Elastography and Contrast Enhancement: Effective Biomarkers in
Crohn’s Disease Strictures. Inflamm. Bowel Dis. 23 (3), 421–430. doi:10.1097/
mib.0000000000001020

Lu, C., Merrill, C., Medellin, A., Novak, K., and Wilson, S. R. (2019). Bowel
Ultrasound State of the Art: Grayscale and Doppler Ultrasound, Contrast
Enhancement, and Elastography in Crohn Disease. J. Ultrasound Med. 38 (2),
271–288. doi:10.1002/jum.14920

Maaser, C., Sturm, A., Vavricka, S. R., Kucharzik, T., Fiorino, G., Annese, V., et al.
(2019). ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 1:
Initial Diagnosis, Monitoring of Known IBD, Detection of Complications.
J. Crohn’s colitis 13 (2), 144K–164K. doi:10.1093/ecco-jcc/jjy113

Maconi, G., Bollani, S., and Bianchi Porro, G. (1996). Ultrasonographic Detection
of Intestinal Complications in Crohn’s Disease. Dig. Dis Sci. 41 (8), 1643–1648.
doi:10.1007/bf02087914

Maconi, G., Sampietro, G. M., Cristaldi, M., Danelli, P., Russo, A., Porro, G. B., et al.
(2001). Preoperative Characteristics and Postoperative Behavior of Bowel Wall
on Risk of Recurrence after Conservative Surgery in Crohn’s Disease: a
Prospective Study. Ann. Surg. 233, 345–352. doi:10.1097/00000658-
200103000-00007

Maconi, G., Carsana, L., Fociani, P., Sampietro, G. M., Ardizzone, S., Cristaldi, M.,
et al. (2003). Small Bowel Stenosis in Crohn’s Disease: Clinical, Biochemical and
Ultrasonographic Evaluation of Histological Features. Aliment. Pharmacol.
Ther. 18 (7), 749–756. doi:10.1046/j.1365-2036.2003.01673.x

Maconi, G., Nylund, K., Ripolles, T., Calabrese, E., Dirks, K., Dietrich, C., et al.
(2018). EFSUMB Recommendations and Clinical Guidelines for Intestinal
Ultrasound (GIUS) in Inflammatory Bowel Diseases. Ultraschall Med. 39
(3), 304–317. doi:10.1055/s-0043-125329

Migaleddu, V., Scanu, A. M., Quaia, E., Rocca, P. C., Dore, M. P., Scanu, D., et al.
(2009). Contrast-enhanced Ultrasonographic Evaluation of Inflammatory
Activity in Crohn’s Disease. Gastroenterology 137 (1), 43–52. doi:10.1053/j.
gastro.2009.03.062

Novak, K. L., Nylund, K., Maaser, C., Petersen, F., Kucharzik, T., Lu, C., et al.
(2020). Expert Consensus on Optimal Acquisition and Development of the
International Bowel Ultrasound Segmental Activity Score (IBUS-SAS): a
Reliability and Inter-rater Variability Study on Intestinal Ultrasonography in
Crohn’s Disease. J. Crohns Colitis 15 (4), 609–616. doi:10.1093/ecco-jcc/jjaa216

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 67992410

Ferretti et al. IUS Evaluation Fibrosis and Inflammation in CD

https://doi.org/10.1177/1756284818765908
https://doi.org/10.1097/mib.0b013e3182802b87
https://doi.org/10.1016/j.dld.2017.02.014
https://doi.org/10.1093/ecco-jcc/jjw126
https://doi.org/10.1093/ibd/izy115
https://doi.org/10.1016/j.ultrasmedbio.2016.03.001
https://doi.org/10.1097/mib.0000000000000897
https://doi.org/10.1097/00054725-200207000-00002
https://doi.org/10.1093/ecco-jcc/jjz177
https://doi.org/10.1093/ecco-jcc/jjz177
https://doi.org/10.7863/ultra.33.12.2115
https://doi.org/10.7863/ultra.33.12.2115
https://doi.org/10.1007/s00330-008-1290-5
https://doi.org/10.1097/mib.0000000000000536
https://doi.org/10.1093/ecco-jcc/jjw169
https://doi.org/10.1055/s-0029-1245398
https://doi.org/10.1093/ecco-jcc/jjw168
https://doi.org/10.1002/jum.15290
https://doi.org/10.1002/jum.15290
https://doi.org/10.1093/ecco-jcc/jjaa129
https://doi.org/10.1093/ecco-jcc/jjaa129
https://doi.org/10.1053/j.gastro.2019.08.033
https://doi.org/10.1080/00365529850172575
https://doi.org/10.1080/00365529850172575
https://doi.org/10.1186/1471-230x-11-29
https://doi.org/10.1016/j.dld.2017.04.013
https://doi.org/10.7863/jum.2002.21.2.149
https://doi.org/10.1016/j.cgh.2016.10.040
https://doi.org/10.1097/MEG.0000000000002016
https://doi.org/10.1097/MEG.0000000000002016
https://doi.org/10.1097/mib.0000000000001020
https://doi.org/10.1097/mib.0000000000001020
https://doi.org/10.1002/jum.14920
https://doi.org/10.1093/ecco-jcc/jjy113
https://doi.org/10.1007/bf02087914
https://doi.org/10.1097/00000658-200103000-00007
https://doi.org/10.1097/00000658-200103000-00007
https://doi.org/10.1046/j.1365-2036.2003.01673.x
https://doi.org/10.1055/s-0043-125329
https://doi.org/10.1053/j.gastro.2009.03.062
https://doi.org/10.1053/j.gastro.2009.03.062
https://doi.org/10.1093/ecco-jcc/jjaa216
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Orlando, S., Fraquelli, M., Coletta, M., Branchi, F., Magarotto, A., Conti, C. B., et al.
(2018). Ultrasound Elasticity Imaging Predicts Therapeutic Outcomes of
Patients with Crohn’s Disease Treated with Anti-tumour Necrosis Factor
Antibodies. J. Crohns Colitis 12 (1), 63–70. doi:10.1093/ecco-jcc/jjx116

Pallotta, N., Tomei, E., Viscido, A., Calabrese, E., Marcheggiano, A., Caprilli, R.,
et al. (2005). Small Intestine Contrast Ultrasonography: an Alternative to
Radiology in the Assessment of Small Bowel Disease. Inflamm. Bowel Dis.
11 (2), 146–153. doi:10.1097/00054725-200502000-00008

Pallotta, N., Vincoli, G., Montesani, C., Chirletti, P., Pronio, A., Caronna, R., et al.
(2012). Small Intestine Contrast Ultrasonography (SICUS) for the Detection of
Small Bowel Complications in Crohnʼs Disease: A Prospective Comparative
Study versus Intraoperative Findings. Inflamm. Bowel Dis. 18 (1), 74–84. doi:10.
1002/ibd.21678

Panés, J., Bouzas, R., Chaparro, M., García-Sánchez, V., Gisbert, J. P., Martínez de
Guereñu, B., et al. (2011). 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. 34 (2), 125–145. doi:10.1111/j.1365-2036.2011.
04710.x

Paredes, J. M., Ripollés, T., Cortés, X., Moreno, N., Martínez, M. J., Bustamante-
Balén, M., et al. (2013). Contrast-enhanced Ultrasonography: Usefulness in the
Assessment of Postoperative Recurrence of Crohn’s Disease. J. Crohn’s Colitis 7
(3), 192–201. doi:10.1016/j.crohns.2012.03.017

Parente, F., Greco, S., Molteni, M., Cucino, C., Maconi, G., Sampietro, G. M., et al.
(2003). Role of Early Ultrasound in Detecting Inflammatory Intestinal
Disorders and Identifying Their Anatomical Location within the Bowel.
Aliment. Pharmacol. Ther. 18 (10), 1009–1016. doi:10.1046/j.1365-2036.
2003.01796.x

Petruzziello, C., Onali, S., Calabrese, E., Zorzi, F., Ascolani, M., Condino, G., et al.
(2010). Wireless Capsule Endoscopy and Proximal Small Bowel Lesions in
Crohn’s Disease. World. J. Gastroenterol. 16 (26), 3299–3304. doi:10.3748/wjg.
v16.i26.3299

Peyrin-Biroulet, L., Loftus, E. V., Jr., Colombel, J.-F., and Sandborn, W. J. (2010).
The Natural History of Adult Crohn’s Disease in Population-Based Cohorts.
Am. J. Gastroenterol. 105 (2), 289–297. doi:10.1038/ajg.2009.579

Quaia, E., Cabibbo, B., De Paoli, L., Toscano, W., Poillucci, G., and Cova, M. A.
(2013). The Value of Time-Intensity Curves Obtained after Microbubble
Contrast Agent Injection to Discriminate Responders from Non-responders
to Anti-inflammatory Medication Among Patients with Crohn’s Disease. Eur.
Radiol. 23 (6), 1650–1659. doi:10.1007/s00330-012-2754-1

Quaia, E., Gennari, A. G., Cova, M. A., and van Beek, E. J. R. (2018). 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 Elastography.
Ultrasound Med. Biol. 44 (4), 762–770. doi:10.1016/j.ultrasmedbio.2017.11.015

Rieder, F., Fiocchi, C., and Rogler, G. (2017). Mechanisms, Management, and
Treatment of Fibrosis in Patients with Inflammatory Bowel Diseases.
Gastroenterology 152 (2), 340–350. doi:10.1053/j.gastro.2016.09.047

Rimola, J., Ordás, I., Rodriguez, S., García-Bosch, O., Aceituno, M., Llach, J., et al.
(2011). Magnetic Resonance Imaging for Evaluation of Crohnʼs Disease:
Validation of Parameters of Severity and Quantitative Index of Activity.
Inflammatory Bowel Diseases. Inflamm. Bowel Dis. 17 (8), 1759–1768.
doi:10.1002/ibd.21551

Rimola, J., Ordás, I., Rodríguez, S., Ricart, E., and Panés, J. (2012). Imaging Indexes
of Activity and Severity for Crohn’s Disease: Current Status and Future Trends.
Abdom. Imaging 37 (6), 958–966. doi:10.1007/s00261-011-9820-z

Ripollés, T., Martínez, M. J., Paredes, J. M., Blanc, E., Flors, L., and Delgado, F.
(2009). Crohn Disease: Correlation of Findings at Contrast-Enhanced US with
Severity at Endoscopy. Radiology 253 (1), 241–248. doi:10.1148/radiol.
2531082269

Ripollés, T., Rausell, N., Paredes, J. M., Grau, E., Martínez, M. J., and Vizuete, J.
(2013). Effectiveness of Contrast-Enhanced Ultrasound for Characterisation of
Intestinal Inflammation in Crohn’s Disease: a Comparison with Surgical
Histopathology Analysis. J. Crohn’s Colitis 7 (2), 120–128. doi:10.1016/j.
crohns.2012.03.002

Ripollés, T., Poza, J., Suarez Ferrer, C., Martínez-Pérez, M. J., Martín-Algíbez, A.,
and de Las Heras Paez, B. (2021). Evaluation of Crohn’s Disease Activity:

Development of an Ultrasound Score in a Multicenter Study. Inflamm. Bowel
Dis. 27 (1), 145–154. doi:10.1093/ibd/izaa134

Rispo, A., Imperatore, N., Testa, A., Nardone, O. M., Luglio, G., Caporaso, N., et al.
(2018). Diagnostic Accuracy of Ultrasonography in the Detection of
Postsurgical Recurrence in Crohn’s Disease: A Systematic Review with
Meta-Analysis. Inflamm. Bowel Dis. 24, 977–988. doi:10.1093/ibd/izy012

Saevik, F., Nylund, K., Hausken, T., Ødegaard, S., and Gilja, O. H. (2014). Bowel
Perfusion Measured with Dynamic Contrast-Enhanced Ultrasound Predicts
Treatment Outcome in Patients with Crohnʼs Disease. Inflamm. Bowel Dis. 20
(11), 2029–2037. doi:10.1097/mib.0000000000000159

Sasaki, T., Kunisaki, R., Kinoshita, H., Kimura, H., Kodera, T., Nozawa, A., et al.
(2014a). Doppler Ultrasound Findings Correlate with Tissue Vascularity and
Inflammation in Surgical Pathology Specimens from Patients with Small
Intestinal Crohn’s Disease. BMC Res. Notes 7, 363. doi:10.1186/1756-0500-
7-363

Sasaki, T., Kunisaki, R., Kinoshita, H., Yamamoto, H., Kimura, H., Hanzawa, A.,
et al. (2014b). Use of Color Doppler Ultrasonography for Evaluating
Vascularity of Small Intestinal Lesions in Crohn’s Disease: Correlation with
Endoscopic and Surgical Macroscopic Findings. Scand. J. Gastroenterol. 49 (3),
295–301. doi:10.3109/00365521.2013.871744

Sconfienza, L. M., Cavallaro, F., Colombi, V., Pastorelli, L., Tontini, G., Pescatori,
L., et al. (2016). In-vivo Axial-Strain Sonoelastography Helps Distinguish
Acutely-Inflamed from Fibrotic Terminal Ileum Strictures in Patients with
Crohn’s Disease: Preliminary Results. Ultrasound Med. Biol. 42 (4), 855–863.
doi:10.1016/j.ultrasmedbio.2015.11.023

Serra, C., Menozzi, G., Labate, A. M. M., Giangregorio, F., Gionchetti, P., Beltrami,
M., et al. (2007). Ultrasound Assessment of Vascularization of the Thickened
Terminal Ileum Wall in Crohn’s Disease Patients Using a Low-Mechanical
Index Real-Time Scanning Technique with a Second Generation Ultrasound
Contrast Agent. Eur. J. Radiol. 62 (1), 114–121. doi:10.1016/j.ejrad.2006.11.027

Serra, C., Rizzello, F., Pratico’, C., Felicani, C., Fiorini, E., Brugnera, R., et al. (2017).
Real-time Elastography for the Detection of Fibrotic and Inflammatory Tissue
in Patients with Stricturing Crohn’s Disease. J. Ultrasound 20 (4), 273–284.
doi:10.1007/s40477-017-0265-2

Sidhu, P., Cantisani, V., Dietrich, C., Gilja, O., Saftoiu, A., Bartels, E., et al. (2018).
The EFSUMB Guidelines and Recommendations for the Clinical Practice of
Contrast-Enhanced Ultrasound (CEUS) in Non-hepatic Applications: Update
2017 (Long Version). Ultraschall Med. 39 (2), e2–e44. doi:10.1055/a-0586-1107

Stidham, R. W., Xu, J., Johnson, L. A., Kim, K., Moons, D. S., McKenna, B. J., et al.
(2011). Ultrasound Elasticity Imaging for Detecting Intestinal Fibrosis and
Inflammation in Rats and Humans with Crohn’s Disease. Gastroenterology 141
(3), 819–826. doi:10.1053/j.gastro.2011.07.027

Sturm, A., Maaser, C., Calabrese, E., Annese, V., Fiorino, G., Kucharzik, T., et al.
(2019). ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 2: IBD
Scores and General Principles and Technical Aspects. J. Crohns Colitis 13 (3),
273–284. doi:10.1093/ecco-jcc/jjy114

Taylor, S. A., Mallett, S., Bhatnagar, G., Baldwin-Cleland, R., Bloom, S., Gupta, A.,
et al. (2018). Diagnostic Accuracy of Magnetic Resonance Enterography and
Small Bowel Ultrasound for the Extent and Activity of Newly Diagnosed and
Relapsed Crohn’s Disease (METRIC): a Multicentre Trial. Lancet Gastroenterol.
Hepatol. 3 (8), 548–558. doi:10.1016/s2468-1253(18)30161-4

Vestito, A., Marasco, G., Maconi, G., Festi, D., Bazzoli, F., and Zagari, R. M. (2019).
Role of Ultrasound Elastography in the Detection of Fibrotic Bowel Strictures in
Patients with Crohn’s Disease: Systematic Review and Meta-Analysis.
Ultraschall Med. 40 (5), 646–654. doi:10.1055/a-0865-1842

Vos, M. D., Louis, E. J., Jahnsen, J., Vandervoort, J. G. P., Noman, M., Dewit, O.,
et al. (2013). Consecutive Fecal Calprotectin Measurements to Predict
Relapse in Patients with Ulcerative Colitis Receiving Infliximab
Maintenance Therapy. Inflamm. Bowel Dis. 19 (10), 2111–2117. doi:10.
1097/mib.0b013e31829b2a37

Wilkens, R., Hagemann-Madsen, R. H., Peters, D. A., Nielsen, A. H., Nørager, C. B.,
Glerup, H., et al. (2018). 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 12
(1), 48–56. doi:10.1093/ecco-jcc/jjx111

Wilson, S. R., and Burns, P. N. (2010). Microbubble-enhanced US in Body Imaging:
what Role? Radiology 257 (1), 24–39. doi:10.1148/radiol.10091210

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 67992411

Ferretti et al. IUS Evaluation Fibrosis and Inflammation in CD

https://doi.org/10.1093/ecco-jcc/jjx116
https://doi.org/10.1097/00054725-200502000-00008
https://doi.org/10.1002/ibd.21678
https://doi.org/10.1002/ibd.21678
https://doi.org/10.1111/j.1365-2036.2011.04710.x
https://doi.org/10.1111/j.1365-2036.2011.04710.x
https://doi.org/10.1016/j.crohns.2012.03.017
https://doi.org/10.1046/j.1365-2036.2003.01796.x
https://doi.org/10.1046/j.1365-2036.2003.01796.x
https://doi.org/10.3748/wjg.v16.i26.3299
https://doi.org/10.3748/wjg.v16.i26.3299
https://doi.org/10.1038/ajg.2009.579
https://doi.org/10.1007/s00330-012-2754-1
https://doi.org/10.1016/j.ultrasmedbio.2017.11.015
https://doi.org/10.1053/j.gastro.2016.09.047
https://doi.org/10.1002/ibd.21551
https://doi.org/10.1007/s00261-011-9820-z
https://doi.org/10.1148/radiol.2531082269
https://doi.org/10.1148/radiol.2531082269
https://doi.org/10.1016/j.crohns.2012.03.002
https://doi.org/10.1016/j.crohns.2012.03.002
https://doi.org/10.1093/ibd/izaa134
https://doi.org/10.1093/ibd/izy012
https://doi.org/10.1097/mib.0000000000000159
https://doi.org/10.1186/1756-0500-7-363
https://doi.org/10.1186/1756-0500-7-363
https://doi.org/10.3109/00365521.2013.871744
https://doi.org/10.1016/j.ultrasmedbio.2015.11.023
https://doi.org/10.1016/j.ejrad.2006.11.027
https://doi.org/10.1007/s40477-017-0265-2
https://doi.org/10.1055/a-0586-1107
https://doi.org/10.1053/j.gastro.2011.07.027
https://doi.org/10.1093/ecco-jcc/jjy114
https://doi.org/10.1016/s2468-1253(18)30161-4
https://doi.org/10.1055/a-0865-1842
https://doi.org/10.1097/mib.0b013e31829b2a37
https://doi.org/10.1097/mib.0b013e31829b2a37
https://doi.org/10.1093/ecco-jcc/jjx111
https://doi.org/10.1148/radiol.10091210
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yaffe, B. H., and Korelitz, B. I. (1983). Prognosis for Nonoperative Management of
Small-Bowel Obstruction in Crohnʼs Disease. J. Clin. Gastroenterol. 5 (3),
211–216. doi:10.1097/00004836-198306000-00003

Yuksel, I., Kilincalp, S., Coskun, Y., Akinci, H., Hamamci, M., and Alkan, A. (2019).
Diagnostic Accuracy of Intestinal Ultrasound and Magnetic Resonance
Enterography for the Detection of Endoscopy-Based Disease Activity in
Ileocolonic Crohn’s Disease. Eur. J. Gastroenterol. Hepatol. 31 (7), 809–816.
doi:10.1097/meg.0000000000001438

Zorzi, F., Stasi, E., Bevivino, G., Scarozza, P., Biancone, L., Zuzzi, S., et al. (2014). A
Sonographic Lesion Index for Crohn’s Disease Helps Monitor Changes in
Transmural Bowel Damage during Therapy. Clin. Gastroenterol. Hepatol. 12
(12), 2071–2077. doi:10.1016/j.cgh.2014.04.036

Zorzi, F., Ghosh, S., Chiaramonte, C., Lolli, E., Ventura, M., Onali, S., et al. (2020).
Response Assessed by Ultrasonography as Target of Biological Treatment for

Crohn’s Disease. Clin. Gastroenterol. Hepatol. 18 (9), 2030–2037. doi:10.1016/j.
cgh.2019.10.042

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ferretti, Cannatelli, Ardizzone, Maier and Maconi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 67992412

Ferretti et al. IUS Evaluation Fibrosis and Inflammation in CD

https://doi.org/10.1097/00004836-198306000-00003
https://doi.org/10.1097/meg.0000000000001438
https://doi.org/10.1016/j.cgh.2014.04.036
https://doi.org/10.1016/j.cgh.2019.10.042
https://doi.org/10.1016/j.cgh.2019.10.042
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Ultrasonographic Evaluation of Intestinal Fibrosis and Inflammation in Crohn’s Disease. The State of the Art
	Introduction
	Intestinal Ultrasound and Inflammation
	Applications
	Identification and Characterization of Disease Activity in Suspect Crohn’s Disease
	Monitoring of Disease Activity in Known Crohn’s Disease

	Techniques and Parameters
	B-Mode Ultrasound and Color Doppler Imaging
	Small Intestine Contrast Ultrasonography (SICUS)
	Contrast-Enhanced Ultrasound
	Sonoelastography


	Intestinal Ultrasound and Fibrosis
	Applications
	Identification and Characterization of Strictures
	Prognostic Value (Treatment Response)
	Post Operative Recurrence

	Techniques and Parameters
	B-Mode Ultrasound and Color-Doppler Ultrasound
	Contrast-Enhanced Ultrasound
	Sonoelastography


	Conclusion
	Author Contributions
	References


