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Abstract
Over the recent years the non-invasive techniques for the evaluation of the small bowel have been playing a major role in the management of chronic intestinal diseases, such as inflammatory bowel diseases (IBD). The diagnostic performances of magnetic resonance imaging, computed tomography and ultrasound in the field of small bowel disorders, have been assessed and established for more than two decades. Newer sonographic techniques, such as strain elastography and shear wave elastography, have been put forward for the assessment of disease activity and characterization of IBD-related damage in the setting of Crohn’s disease and other gastrointestinal disorders. The data from the preliminary research and clinical studies have shown promising results as regards the ability of elastographic techniques to differentiate inflammatory from fibrotic tissue. The distinction between IBD activity (inflammation) and IBD-related damage (fibrosis) is currently considered crucial for the assessment and management of patients. Moreover, all the elastographic techniques are currently being considered in the setting of other intestinal disorders (e.g. rectal tumors, appendicitis). The aim of this paper is to offer both a comprehensive narrative review of the non-invasive techniques available for the assessment of small-bowel disorders, with particular emphasis on inflammatory bowel diseases, and a summary of the current evidence on the use of elastographic techniques in this setting. 
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Core tip: Elastographic techniques, such as strain elastography and shear wave elastography, have shown promising results as regards their ability to differentiate inflammatory from fibrotic tissue, particularly in the setting of IBD where these techniques have been tested.

Branchi F, Caprioli F, Orlando S, Conte D, Fraquelli M. Non-invasive evaluation of intestinal disorders: the role of elastographic techniques. World J Gastroenterol 2017; In press
Introduction
Over the recent years the non-invasive techniques for the evaluation of the small bowel have been playing a major role in the management of chronic intestinal diseases, such as inflammatory bowel diseases (IBD). Computed tomography and magnetic resonance enterography/enteroclysis (CT-E, MR-E) are cross-sectional imaging techniques that show excellent performance in the diagnosis of intestinal disorders and promising results in the characterization of IBD lesions and prediction of their response to treatment[1,2]. In particular, the data from MR-E application have shown accuracy in the assessment of Crohn’s disease severity and stage[3-5]. MR techniques without contrast enhancement are being tested for the same purposes[6,7]. The diagnostic performance of ultrasound (US), both without and with intravenous contrast medium, has been evaluated for more than two decades. Technology advances[8,9] extending implementation have also occurred. More recently, new sonographic techniques, such as elastography, have been put forward for the assessment of disease activity and characterization of IBD-related damage in the setting of Crohn’s disease (CD)[10,11]. Noteworthy, from a clinical point of view particular attention is currently paid to the distinction between IBD activity (inflammation) and IBD-related damage (fibrosis). All the techniques are currently tested also against other intestinal disorders (e.g. rectal tumors, appendicitis)[12-14]. However, only scattered data is available regarding the performance of elastographic techniques in the assessment and characterization of small-bowel disorders. Therefore, the aim of this paper is: (1) to give a comprehensive narrative review of the non-invasive techniques available to date for the assessment of small-bowel disorders, with particular emphasis on IBD; and (2) to summarize the evidence currently available on the use of elastographic techniques in this setting. 

Literature search

A comprehensive MEDLINE search was performed in August 2016, combining the MeSH keywords: inflammatory bowel disease, Crohn's disease, ulcerative colitis, bowel, diagnosis, fibrosis, inflammation, elastography over the period 2010-2016. After the exclusion of non-pertinent articles, all the original papers covering the use of elastography in the setting of small-bowel disorders were selected for the purposes of this review. Select relevant articles concerning the use of other non-invasive techniques have been included in the discussion.

Small-bowel disorders, inflammation and fibrosis

In the setting of small-bowel diseases the evaluation of the small-bowel mucosa has long been considered essential for the diagnosis and management of patients during follow-up, especially as regards the monitoring of treatment response. To date the diagnosis of CD is based upon the combination of clinical signs, laboratory tests and the endoscopic evidence of specific lesions in the small bowel and/or other segments of the gastrointestinal system[1]. Biopsy specimens from the ileum and colon assist in the diagnostic process[1]. Endoscopic improvement and/or mucosal healing are considered endpoints for the response-to-treatment assessment along with clinical improvement[15]. Moreover, the clinical course of IBD is often characterized by frequent recurrence/relapse of symptoms, which prompts further investigations and possible changes of the therapeutic strategy[16]. However, the direct visualization of the small-bowel mucosa by means of endoscopic techniques and the sampling of biopsy specimens are often cumbersome and not always technically feasible. Different non-invasive techniques such CT-E, MR-E and ultrasonographic techniques have been validated for the diagnosis and follow-up of small-bowel disorders and are now widely used in clinical practice as an alternative or complement to traditional endoscopy[1,17,18].

It is widely accepted that the development of fibrosis has a major influence on the morbidity of IBD. In CD patients the presence of fibrotic strictures is associated with high rates of hospitalization and surgery[20,21]. The pathogenetic mechanisms responsible for the development of intestinal fibrosis have not been fully elucidated yet[22], but it is widely accepted that bowel wall fibrosis develops as a consequence of a chronic inflammatory process within the tissue, with the subsequent local release of fibrogenic mediators and cytokines[23-25]. The chronic inflammatory activation, typical of CD, is therefore responsible for the increase in extracellular matrix deposition and mesenchymal cell activation[26-28]. The close connection between chronic inflammation and fibrosis in the setting of CD enforces the concept that the different CD phenotypes are the expression of a progressively accumulating bowel damage, rather than the result of different pathogenetic pathways[19,21,29].

In the setting of CD-related lesions, for patient management purposes it helps to estimate the relative proportion of inflammatory vs fibrotic tissue, by considering the different prognosis and therapeutic options associated with the presence of a fibrotic stricture as compared to an inflammatory process[19]. The balance between fibrotic and inflammatory processes within the bowel tissue of patients with IBD has been extensively studied in pathological series, which have showed the coexistence of acute/chronic inflammatory infiltrate and bowel wall fibrosis in CD surgical specimens[8,10,30,31]. The opportunity of assessing the relative proportion of inflammatory vs fibrotic tissue within an affected bowel wall represents a major step towards the non-invasive evaluation of CD, on consideration that the presence of fibrosis in the affected tissue negatively influences the response to biological treatment and, therefore, leads to endoscopic or surgical treatment[16,19,32].

Some of the non-invasive techniques already available for the diagnosis of intestinal disorders (US, contrast-enhanced US, CT, MR) have been tested for their ability to discriminate between inflammatory and fibrotic tissue in the small-bowel wall of patients with IBD, with promising results especially as concerns MR techniques[2-8,31,33]. In this scenario, the development of new techniques, such as elastography, for the evaluation of inflammatory vs. fibrotic tissue changes in small-bowel segments, has been welcomed as a potentially major breakthrough.
Principles of elastography

Elastography is a non-invasive method developed to assess the mechanical properties of a tissue, in particular its stiffness[34,35]. To date, a range of elastographic technologies is available and marketed (see Table 1). Strain elastography is able to provide the quantitative imaging of strain and elastic modulus distributions in soft tissues: by exerting tissue compression, the strain profile along the transducer axis is calculated and then converted to an elastic modulus profile based on the measurement of the stress applied[35]. Usually, strain imaging or ultrasound elasticity imaging (UEI) defines the technique whereby the tissue deformation is produced by pressing on the tissue with an ultrasound transducer (external force) and then recorded along with real-time US images[35]. Different techniques applying a combination of static or dynamic deformations to internal or external forces, have been explored[34,36] ending with the current application of strain elastography — with pressure being applied manually[37] or by cardiovascular pulsation[38] — to several fields of clinical medicine, including breast lesions characterization[39]. A recently developed elastographic method is Acoustic Radiation Force Impulse (ARFI) imaging, which targets ultrasound beam pulses to deform a chosen tissue area[40]. Its application has been validated mainly in the liver setting[41,42], with promising results for kidney[43] and thyroid diseases as well. If the disturbance/deformation induced by the mechanical excitation of the tissue is measured as the velocity of an induced shear wave, the technique is labelled shear wave elastography (SWE, which uses ARFI technology) or transient elastography, the latter being a technology not developed for imaging[40,44]. The successful application of elastography in various clinical scenarios is consistent with the concept that normal and pathologic tissues have different mechanical properties, mainly due to the altered balance of normal, fibrotic and/or inflammatory tissue components. Because of this, the elastographic techniques, particularly UEI and shear wave elastography, have been put forward as useful tools for the assessment of intestinal fibrosis in CD: their use has been evaluated in preliminary studies on animal models (see Table 2) and some feasibility studies on human subjects (Table 3)[10,11,45-49].

Elastography for the assessment of intestinal fibrosis

Strain elastography

Kim et al[11] provided the first data on the performance of strain elastography/UEI in the setting of intestinal disorders in an animal model. In this preliminary study, 6 rats intrarectally administered with 2,4,6-trinitrobenzenesulfonic acid (TNBS) were used as an animal model of left-sided colitis and fibrosis. Strain measurement was performed in vivo by UEI with the aid of a laboratory-designed deformation device fixed to the transducer in order to exercise a uniform displacement. After euthanasia the mechanical properties of the bowel wall were measured directly by means of a specific elastometer device[11]. Interestingly, the data showed a significant difference between the strain measurements of the healthy colons (5 controls and 6 proximal colons of TNBS rats) and the affected left colons and between the correspondent values of Young’s modulus computed with direct elastometry, this confirming the hypothesis of an association between the degree of involvement in a chronic inflammatory/fibrotic process and tissue stiffness. Overall, the correlation coefficient between Young’s modulus and strain was highly significant, suggesting the good accuracy of UEI in the indirect assessment of tissue stiffness. Not long after these preliminary data, a similar study by the same group confirmed a significant correlation between UEI results and the direct measurement of bowel wall stiffness after surgical resection in a small group of patients with stricturing CD. This proved the ability of UEI to discriminate between healthy bowel and fibrotic tissue[10]. For the first time, the data from an animal model generated the hypothesis that UEI would be able to discriminate between inflammatory and fibrotic tissue[10]. In another study, Havre et al[50] performed UEI on a series of resected surgical specimens (16 CD, 18 adenocarcinomas and 4 adenomas). Tissue stiffness was assessed through 3 different methods: (1) a visual categorical score already described for pancreatic lesions[51]; (2) a visual analog scale (VAS) ranging from 0 to 100 (with 50 representing equal stiffness to the surrounding tissue, < 50 lower and > 50 higher stiffness); and (3) the strain ratio (SR), calculated as the ratio between the mean strain in reference tissue surrounding the lesions and the mean strain in the lesion. The results of the strain assessment were then compared to the final diagnosis by histology, showing the significant difference in stiffness of adenoma vs adenocarcinoma and CD, with visual categorical scores, VAS and SR, but not so strong results as concerns the differentiation of adenocarcinoma vs. CD, probably because of the relevant distribution of fibrosis in both lesions, which affected tissue stiffness in the same way[50]. Nonetheless, this study provided important information about the reproducibility of strain elastography, considering that two independent operators showed a fair inter-observer agreement for the categorical score (Kappa value 0.38) and a good correlation between the operators for the VAS evaluation (Pearson’s r = 0.55, p = 0.002), while a moderate-to-good correlation was found between the separate intra-observer SR measurements (Spearman’s Rho 0.47 to 0.82). 

Baumgart et al[47] performed UEI strain assessment in 10 patients with CD and elected for surgery, and compared the strain values with direct tensiometry and histology after surgery. The strain measurement was performed with the aid of a built-in press guide function assessing the compression adequacy of the probe in order to allow for the same amount of compression and to obtain values of the strain per se, the same way as in the previous studies. The results confirmed the concept that the bowel segments affected by CD show a significantly higher strain than those unaffected (mean ± SD, 169.0 ± 27.9 vs 43.0, 6, 25.9 and p = 0.001). This was also confirmed by the direct measurement of tissue stiffness[47]. Moreover, the comparison with histologic features showed the correlation between strain differences and histologic signs of fibrosis, such as collagen deposits or muscular fibers. However, the possible influence of inflammatory tissue changes was not fully explored in these patients[47].
A study carried out by our group[49] aimed to assess the in-vivo performance of strain elastography in predicting bowel fibrosis and discriminating between inflammation and fibrosis (Figure 1). UEI was performed on 23 CD patients with ileal or ileocolonic disease, elected for surgical resection, and on 20 controls (uncomplicated CD patients). Strain assessment was performed with 2 methods: (1) a semi-quantitative visual color scale; and (2) SR measurement. The SR was calculated in the same way as in the Havre study[50], with the mesenchimal tissue surrounding the affected bowel wall chosen as the reference tissue. The results showed that the SR values, but not the color scale values, were significantly correlated with the severity of fibrosis at both semiquantitative and quantitative histologic image analysis: SR showed excellent ability to discriminate severe bowel fibrosis (AUROC curve: 0.917; 95%CI: 0.788-1.000), with evidence of no influence of the histologic degree of inflammation on SR at multivariate analysis[49].
Later, Fufezan et al[48] tried to evaluate the role of strain elastography in the setting of pediatric Crohn’s disease, with the aim of widening the range of non-invasive methods to avail. In their study these authors examined 48 bowel segments of 14 pediatric CD patients, and attempted to develop a visual classification of bowel wall appearance at UEI (remission bowel, inflammatory wall and fibrotic wall) and to correlate it with clinical and US features. The results suggested some correlation between different UEI visual patterns and US and clinical signs of disease activity or complications. However, these preliminary results were not compared to histology or stratified for types of current therapy, thus requiring validation in a large prospective study[48].

Shear wave elastography 

As regards shear wave (SW) speed techniques, Dillman et al[45] focused on SW speed imaging. The data from an animal model of acute and chronic colitis showed that shear wave speed measurement was significantly higher in the fibrosis cohort than in the acute inflammation one at different amounts of strain applied (0% and 30%, p = 0.047 and 0.02 respectively). The AUROC curve of the SW speed ratio (mean SW speed/applied strain) for differentiating fibrotic from inflamed bowel was 0.971, which is an excellent result (derived though from small numbers) suggesting the successful application of this technique in the clinical setting[45]. In another study the same group applied shear wave elastographic techniques (both point shear wave speed measurement and shear wave speed imaging) on 17 human resected bowel specimens and showed that these techniques were able to discriminate tissue with high vs low degree of fibrosis as histologically assessed, while no significant correlation was observed between the SW speed and the degree of inflammation[46]. Moreover, the data from this study could offer no information on the ability of SW elastographic techniques to discriminate between inflammation and fibrosis[46]. To date, no other studies are available on the applicability of SW elastography in the setting of IBD.

The role of elastography in other intestinal disorders

Elastography has been proposed as a diagnostic tool for various intestinal disorders. As far as the endoscopic use of elastography is concerned, only strain elastography is currently available for use with endoscopic devices. A pilot study on trans-rectal endoscopic UEI in IBD showed that the SR values of the rectal bowel wall were significantly different not only between CD patients and controls, but also between ulcerative colitis and CD patients, thus pointing to the possible role of elastography in differentiating between colonic CD and ulcerative colitis[52].

Some studies in the field of colonic diseases have shown that elastography is feasible and reproducible[53] especially as regards the differentiation between rectal adenomas and adenocarcinomas, where it has showed a level of accuracy superior to endoscopic ultrasound and MR[13,14,54]. However, not only further evidence but also further technological advancements are needed before elastography can be routinely applied to the diagnosis of malignant intestinal lesions, and also preliminary data on the application of this technique for the diagnosis of gastrointestinal stromal tumors seem to suggest the same[55].
A single study has recently evaluated the performance of SW elastography towards the diagnosis of appendicitis: the data from 30 patients with appendicitis and 11 controls showed that SW can differentiate between a normal and inflamed appendix (Sn 93%, Sp 100% considering a 12.5 kPA cut-off), but not better than CT[12].
Possible limitations of the application of elastography in small-bowel diseases

As some authors[49,56] have already pointed out, the performance of bowel elastography in routine clinical practice shows some limitations. First of all, due to the technical characteristics of this technology, which was developed as an add-on to routine ultrasonography devices, it is not possible to obtain a complete view of all the bowel segments, as opposed to cross-sectional imaging techniques. This feature limits the application field of elastography to selected bowel segments (i.e. terminal ileum, caecum). Moreover, the transabdominal strain imaging techniques have to deal with potential errors owed to peristaltic bowel movements, which are not present in the other anatomical sites where these techniques are widely validated (i.e. thyroid, breast), even though some software available on the market offers movement correction filters to minimize such an interference[49]. 

On the other hand, the non-invasivity of these techniques and the low cost of their application in clinical practice (limited to the installation of specific software in the already deployed US equipment) are likely to exceed the possible limitations.

Conclusion
Despite the small sample sizes of the available studies, elastography has showed extremely promising results in the field of intestinal diseases, especially as concerns IBD. The newest European recommendations for gastrointestinal US have stated that elastography “can be used to evaluate the stiffness of a patient’s pathological thickened bowel”[57]. Validating the strain elastography technique in larger cohorts is needed in order to confirm its very promising results, especially as regards its prognostic value and possible role as a predictor of the response-to-treatment of CD patients. The SR calculation task seems to be easy to approach in clinical practice against the consideration that direct strain measurements can be performed only if the external pressure exerted on the tissue is known and stable, which is per se technically difficult and has requested the use of mechanical devices or probe stabilizers in previous studies[10,11,47]. As regards SW elastography, the technical characteristics of this method would theoretically overcome some of the limitations typical of strain elastography, making it a simpler and more reproducible tool. However, the currently available data on its usefulness for bowel diseases is scattered and further validation is needed before SW elastography can be considered a reliable method for the assessment of disease severity in IBD patients. To date, there are no studies that directly compare the performance of elastography with MR imaging, which is the cross-sectional technique that is so far the most accurate in detecting bowel wall fibrosis. It should be pointed out that MR techniques have shown excellent accuracy in this field but are surely less available and more time-consuming than an elastographic evaluation in the context of a routine US examination. MR techniques also present contraindications and side effects when there is use of intravenous contrast medium.
The overall simplicity and feasibility of elastography lead to expect further developments including the broadening of the fields of application for these techniques.
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Figure 1 Upper left quadrant: ultrasound image of the thickened terminal ileum of a Crohn’s disease patient, with a narrowed lumen and surrounding mesenteric tissue. Upper right quadrant: Appearance of the same ileal segment with strain elastography. Regions of interest (ROIs) can be selected for the quantitative assessment of the strain ratio (see text). Lower quadrant: Strain values of ROI 1 (mesenteric tissue) and ROI 2 (ileal wall) plotted over time for the software to calculate the mean strain ratio. (adapted from Fraquelli et al[49]).
Table 1 Summary of the technical features of the various elastographic techinques

	Technique
	Physical characteristic measured
	Excitation method

	Strain elastography/UEI
	Strain
	Manual compression (operator pressure, cardiovascular pulse, breathing movements)

	ARFI imaging
	Strain
	Acoustic radiation force impulse

	Shear wave elastography

Point-shear wave speed measurement

Shear wave speed imaging
	Shear wave speed
	Acoustic radiation force impulse

	Transient elastography
	Shear wave speed
	Controlled external vibration


UEI: ultrasound elasticity imaging; ARFI: Acoustic radiation force impulse.
Table 2 Summary of the feasibility studies on elastography in animal models

	Ref.
	Subjects
	
	Results

	Kim et al[11], 2008 
	Animal model (rats)

6 Left-sided chronic colitides (from TNBS)

5 controls
	Technique
	Strain difference of normal colon vs. affected left colon p < 0.0002

Significant correlation between Young’s modulus and strain r = 0.67, p < 0.0005.

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	Direct mechanical measurement, Histology
	

	Stidham et al[10], 2011 
	Animal model (TNBS rats)

5 acute colitides

5 chronic fibrosis

5 controls
	Technique
	Strain values:
controls vs acute inflammation p = 0.015, 

controls vs chronic fibrosis p = 0.001,
acute inflammation vs. chronic fibrosis p = 0.037.
Strain ratio:
acute inflammation vs. chronic fibrosis p = 0.030

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	Histology
	

	Dillman et al[45], 2013
	Animal model

6 acute colitides 

8 chronic colitides/fibrosis

3 controls
	Technique
	SW velocity ratio:

AUROC curve for differentiating fibrosis from inflammation 0.971

	
	
	Shear wave elastography (Shear wave speed imaging)
	

	
	
	Comparison
	

	
	
	Histology
	


TNBS: trinitrobenzenesulfonic acid; UEI: ultrasound elasticity imaging; CD: Crohn’s disease; AUROC: area under receiver operating characteristic; SW: shear wave; VAS: visual analogue scale.
Table 3 Studies assessing the utility of elastography in intestinal diseases

	Ref.
	Subjects
	
	Outcomes

	Stidham et al[10], 2011
	7 CD patients with stricturing disease
	Technique
	Strain values:
correlation with Young’s modulus r = -0.81

significant difference between stenotic tissue and unaffected proximal tissue p = 0.0008

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	Direct mechanical measurement, Histology
	

	Dillman et al[46], 2014
	17 Human intestinal surgical specimens (from subjects with known or suspected IBD)
	Technique
	Difference in SW speed between low and high fibrosis
with point SW speed measurement, p = 0.004, AUROC = 0.91
with SW speed imaging p = 0.049 AUROC = 0.77
No difference in mean SW speed between low and high inflammation 

	
	
	Shear wave elastography (point SW speed measurement and SW speed imaging)
	

	
	
	Comparison
	

	
	
	Histology
	

	Havre et al[50], 2014
	Human intestinal surgical specimens

16 CD

18 adenocarcinoma

4 adenomas
	Technique
	UEI able to discriminate between adenoma and adenocarcinoma/CD, not between adenocarcinoma and CD

Reproducibility:

SR: intraobserver correlation rho = 0.47-0.82

Visual categorical score: interobserver agreement k = 0.38

VAS: interobserver correlation Pearson’s r = 0.55, p = 0.002

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	Histology
	

	Baumgart et al[47], 2015
	10 CD patients elected for surgery
	Technique
	Higher strain values in affected vs unaffected bowel (p < 0.001)

Good ICC among pre-, intra- and post-operative strain measurements (0.830 in affected segments)

Association between strain measurements and 

internal muscularis mucosae and muscularis propria width (p = 0.044 and 0.012)

histologic fibrosis score (p < 0.001)

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	Direct mechanical measurement,

Histology
	

	Fraquelli et al[49], 2015
	23 CD patients elected for surgery

20 CD controls
	Technique
	Interrater agreement: color scale (ICC 0.90) and SR (ICC 0.78).
Correlation between SR and severity of bowel fibrosis p < 0.0001 but not with inflammation scores

AUROC curve for prediction of severe fibrosis 0.917 (95%CI: 0.788-1.000)

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	Histology
	

	Fufezan et al[48], 2015
	14 pediatric CD patients (48 bowel segments)
	Technique
	Correlation between:
UEI “inflammatory type” and complications

UEI “inflammatory” and “fibrotic” type and CRP 

UEI “inflammatory type and ESR

UEI and bowel wall thickness and stratification

	
	
	Strain elastography (UEI)
	

	
	
	Comparison
	

	
	
	US signs and Clinical Data
	


TNBS: trinitrobenzenesulfonic acid; UEI: ultrasound elasticity imaging; CD: Crohn’s disease; AUROC: area under receiver operating characteristic; SW: shear wave; VAS: visual analogue scale; ICC: intraclass correlation coefficient; SR: strain ratio; CRP: C reactive protein; ESR: erythrocyte sedimentation rate; US: ultrasound.
