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Abstract

Elastography is a new ultrasound modality that provides images and measurements related to tissue stiffness. Endoscopic ultrasound (EUS) has played an important role in the diagnosis and management of numerous abdominal and mediastinal diseases. Elastography by means of EUS examination can assess the elasticity of tumors in the proximity of the digestive tract that are hard to reach with conventional transcutaneous ultrasound probes, such as pancreatic masses and mediastinal or abdominal lymph nodes, thus improving the diagnostic yield of the procedure. Results from previous studies have promised benefits for EUS elastography in the differential diagnosis of lymph nodes, as well as for assessing masses with pancreatic or gastrointestinal (GI) tract locations. It is important to mention that EUS elastography is not considered a modality that can replace biopsy. However, it may be a useful adjunct, improving the accuracy of EUS-fine needle aspiration biopsy (EUS-FNAB) by selecting the most suspicious area to be targeted. Even more, it may be useful for guiding further clinical management when EUS-FNAB is negative or inconclusive. In the present paper we will discuss the current knowledge of EUS elastography, including the technical aspects, along with its applications in the differential diagnosis between benign and malignant solid pancreatic masses and lymph nodes, as well as its aid in the differentiation between normal pancreatic tissues and chronic pancreatitis. Moreover, the emergent indication and future perspectives are summarized, such as the benefit of EUS elastography in EUS-guided fine needle aspiration biopsy, and its uses for characterization of lesions in liver, biliary tract, adrenal glands and GI tract. 
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Core tip: Endoscopic ultrasound (EUS) has played an important role in the diagnosis and management of numerous abdominal and mediastinal diseases. In the present paper, we discuss the current knowledge of EUS elastography, including the technical aspects, its applications in the differentiation between benign and malignant solid pancreatic masses and lymph nodes, and differentiation between normal pancreatic tissues and chronic pancreatitis. Moreover, the emergent indication and future perspectives are also summarized, such as the benefit of EUS elastography in EUS-guided fine needle aspiration biopsy, and its use for characterization of lesions in liver, biliary tract, adrenal glands and gastrointestinal tract.

INTRODUCTION

Elastography is an imaging modality used to demonstrate tissue stiffness. It has been investigated by ultrasound since the early 1990’s. So far, two (elastography) techniques, i.e., strain technique and shear wave technique, have been developed and clinically used. Endoscopic ultrasound (EUS) elastography is the application of elastography performed during EUS procedure. Currently, only the strain technique has been available for EUS examinations. Shear wave elastography has been equipped in the transrectal ultrasound transducer of Supersonic system (Aixplorer, France), but it is not one of the topics of this paper. Strain elastography (SE) is a qualitative method based on tissues response to an externally or internally generated force[1,2]. It is based on the fact that stiffer tissues have lower strains, meaning that they deform less under compression as compared to softer tissues which deform more. With SE, the compression-induced tissues deformations within a region of interest (ROI) are comparatively assessed. The resultant strains are displayed as transparent colors overlaid on the B-Mode image, just like for Doppler ultrasound. Different colors are used to demonstrate differences between stiffness of the ROI included tissues. 

The measurement of displacement is made using a sophisticated algorithm based on the Extended Combined Autocorrelation Method[3-5]. The characte​ristics of the tissues can be further analyzed either by the color-based qualitative method[6,7] as described above, or by using a semi-quantitative method based on strain ratios between different tissues included within the selected ROI[8,9]. 

SE with conventional ultrasound systems has been used for the evaluation of lesions in the breast, cervix, prostate gland and thyroid gland as well as for staging of liver fibrosis[10-15] proving good results. It has been shown that malignant tissues are generally harder than adjacent normal tissues, therefore, it could differentiate benign from malignant lesions based on the stiffness characteristics[10-14].

EUS, with high-frequency transducers can offer high-resolution images of the digestive tract and also of the adjacent organs. It plays an important role in the diagnosis and management of numerous abdominal and mediastinal diseases[16-18]. 

The combination of EUS and elastography improves the diagnostic yield of EUS. It can assess the elasticity of tumors in the proximity of the digestive tract that are hard to reach with conventional transcutaneous ultrasound probes, such as pancreatic masses[19-22] and lymph nodes[23,24]. Results from early studies look promising for the differential diagnosis of solid masses [i.e., lymph nodes, pancreatic or gastrointestinal (GI) tract masses]. 

Endoscopic ultrasound-guided fine needle aspi​ration biopsy (EUS-FNAB) is performed when patient management would be affected[25,26]. However, it is an invasive technique and has the risk of bleeding and seeding of malignant cells[27-29]. The accuracy of EUS-FNAB is affected by the selection of the targeted area within the lesion to be assessed and it is dependent upon the lesion’s visibility[30]. Although EUS elastography at present cannot replace EUS-FNAB for the diagnosis of a focal lesion located in the pancreas or for assessing lymph nodes, it still may be a useful adjunct for guiding further clinical management when EUS-FNAB is negative or inconclusive[26,31,32]. In addition, EUS elastography can show the hardest areas within the lesion, thus being useful for the selection of the most suspicious area to be targeted for EUS-FNAB, finally improving the accuracy of the method[25]. 

In the presented paper, we discuss the current knowledge of EUS elastography, including technical aspects, its current applications for benign-mali​gnant solid pancreatic masses and lymph nodes differentiation, as well as its use for differentiation between normal pancreatic tissues and chronic pancreatitis. Moreover, the emergent indication and future perspectives are also summarized, such as the use of elastography in EUS-FNAB, characterization of lesions in the liver, biliary tract, adrenal glands and GI tracts. 

CURRENT EXAMINATION TECHNIQUES USED IN EUS ELASTOGRAPHY (QUALITATIVE AND SEMI-QUANTITATIVE METHODS)

Both qualitative and semi-quantitative methods have been developed in EUS elastography to analyze the tissues stiffness. The former, using hue histogram analysis and artificial neural networks, is the first one equipped in the early generation of ultrasound systems[8,20]. Afterward, strain histogram (SH) and strain ratio (SR) were introduced in the second-generation EUS elastography systems as reproducible, parametric measurements. SH computes the strain values of elemental areas inside a ROI and produces a graph, while SR measures the relative strain between two selected areas inside a ROI[25,33]. They both analyze the tissue stiffness in a (semi-) quantitative manner and, therefore, they are greatly reducing the human bias without the need for a 3rd-party software[34]. 

Qualitative EUS elastography 
EUS elastography detects small structural deformations caused by compression and grades the degree of relative deformation between ROI included tissues on a scale of 1-255. Each value is assigned a different shade from a hue color spectrum for further visual recognition[25]. Most systems are using a red-green-blue color map in which stiffer tissue areas are shown in dark blue to blue, whilst softer tissue areas are displayed in hues of green to red. Because the strain (deformation) will be smaller in stiffer tissues and larger in softer tissues, the stiffness contrast can be displayed in real-time and can be superimposed as a transparent overlay on the real-time gray-scale EUS image[30]. The ROI for the elastographic evaluation is manually selected and should include both the lesion entirety (when possible) and also normal surrounding tissue. Qualitative analysis includes a five-step score method based on the predominant color pattern inside the lesion: homogenously hard, heterogenously hard, mixed, heterogenously soft or homogenously soft[3,7,35-38]. 

How to perform: As with conventional EUS, the endoscopes have to be carefully manipulated to obtain a good and a reproducible elastographical image. Both longitudinal and radial echoendoscopes can be used for elastography, however, the former has the advantage that suspicious stiffer areas can be targeted for biopsy under direct visualization[30,39].
A ROI is used to define the area of interest in a similar manner to that used for a color Doppler exami​nation. By manipulating the probe, the necessary pressure can be applied. Very little extra compression is seldom needed to obtain an elastographical image, since with careful placement of the endoscope, the regular pressure variation from the pulsation of adjacent vessels will normally be sufficient if the system settings are appropriately sensitive. However, the size of the ROI that defines the elastographic image is important. The ROI should be sufficiently large to include both the pathological tissue under investigation and surrounding “normal” tissue as a reference. The best image quality was recorded in phantom experiments when the lesion of interest covered 25%-50% of the ROI[40]. In practice, for EUS elastography applications, a ratio of approximately 50% lesion, 50% normal surrounding tissue is usually achievable[35,41]. If the ROI is too small, only the relative elasticity differences within the lesion will be measured and displayed rather than the assessment of the lesion stiffness compared to normal surrounding tissues[1,30]. 

(Semi-)quantitative EUS elastography
Two quantitative techniques have been developed to improve the accuracy and reproducibility of the method and to minimize the operator bias in stiffness evaluation. 

One is based on the comparison between two tissue areas within the ROI to compute a SR[3,9,21,42]. This technique is a semi-quantitative method since the elasticity is expressed as a relative ratio but not as an absolute value[43]. Using this technique, two non-overlapping areas are selected, usually area A is the lesion, area B is the reference zone, and SR represents the B/A quotient[9].

Another method that has been used is the calculation of the mean value of the hue histogram SH, which represents the mean strain value within the selected area[8,15]. The histogram is a graph that quantifies and represents a specific characteristic (e.g., digitized color distribution) inside the ROI of an elastography image[25]. SH software has been equipped in the newer ultrasound machines, and the graph can be automatically created. Within the graph, the X-axis represents the elasticity values (each value represents a pixel color) from 0 to 255, where 0 is hardest and 255 is softest, the Y-axis values represent the number of pixels of each value.

CURRENT CLINICAL APPLICATIONS OF EUS ELASTOGRAPHY

EUS elastography is only applied to assess the elasticity of solid lesions based on its principles, while cystic lesions are usually shown as an artifact, i.e., BGR (blue-green-red) artifact[4,5]. A lesion that has cystic components should not be evaluated by EUS elastography. Therefore, the current clinical indications of EUS elastography are mainly solid pancreatic lesions, submucosal GI masses, lymph nodes, focal left liver lesions and left adrenal lesions. Few other indications have been also reported[44]. 

Pancreas 
The normal pancreas appears elastographically soft (homogenously green) on EUS elastography in most cases, which has been shown to be highly reproducible[6,45]. 

Focal pancreatic masses: Malignant pancreatic lesions are generally harder than adjacent pancreatic tissue. Therefore, measuring strain might aid classifi​cation of pancreatic masses. Meta-analyses demon​strated that EUS elastography is a reliable technique for the differentiation of solid pancreatic masses with a pooled sensitivity of 95%-97% and a specificity of 67%-76%, respectively[46-48].

Qualitative techniques: EUS elastography has been considered a promising tool for differentiation of benign and malignant solid pancreatic masses[6,7,34,36,38]. On EUS elastography, malignant lesions (e.g., pancreatic ductal adenocarcinoma), due to the presence of fibrosis and marked desmoplasia, appears stiffer than the adjacent normal pancreatic parenchyma[7]. Still, no evidence shows that there is a correlation between the tumor stiffness and either the tumor grading, or collagenous content[42] (Figure 1). 
Different classification of color patterns has been used to distinguish malignant masses from benign ones[6], though this simplistic approach has been contradicted by other authors and later articles[35]. A five score classification was firstly reported in 2006 based on the color patterns of lesions, by Giovannini et al[6], with a sensitivity of 100% and a specificity of 67% (Table 1). In this scoring system, scores 3-5 were considered malignant, while 1 and 2 were considered benign. In 2009, Giovannini et al[34] published their results based on a multicenter study using the same scoring system, the accuracy being 89.2%, and both sensitivity and positive predictive value (PPV) being over 90%. A four score classification has also been used by other authors (Table 2), the diagnostic sensitivity, specificity and overall accuracy of EUS elastography for diagnosing malignancy being of 100%, 85.5% and 94%, respectively based on this score[38]. 

However, disappointing results of qualitative EUS elastography have also reported in two studies[7,35]. Hirche et al[35] found that the diagnostic sensitivity, specificity and accuracy for predicting the nature of pancreatic lesions were just 41%, 53% and 45%, respectively. Also, Janssen et al[7], as the result of their study, concluded that chronic pancreatitis and hard malignant tumors cannot be distinguished by elastography, probably due to their similar fibrous structure.

Therefore, the diagnostic accuracy of qualitative EUS elastography is variable among studies, probably because of the subjective interpretation of the elastographic pattern caused by perception errors and the inability of the human eye to completely characterize all color hues[45,49]. Even though some bias cannot be avoided, one study showed very good correlation between observers by analyzing the videos recorded from 258 patients with chronic pancreatitis and pancreatic cancer[20].

Quantitative EUS elastography: As previously described, both SR and SH are possible methods to quantitatively characterize pancreatic lesions. It is reported that there are no differences regarding the accuracy of the two techniques for the differentiation between benign and malignant pancreatic masses[33].

SR: Iglesias-Garcia et al[9] firstly published the results of a prospective study concerning the accuracy of quantitative EUS elastography for the differential diagnosis of solid pancreatic masses on 86 consecutive patients. The results of their study showed that quantitative EUS elastography with strain ratio has higher accuracy (97.7%) and specificity (92.9%) as compared to the qualitative analysis. A SR higher than 6.04 or a mass elasticity lower than 0.05% is 100% sensitive for classification of tumors as being malignant. The specificity can be improved to 100% with a SR higher than 15.41 or a mass elasticity value below 0.03%. In addition, EUS elastography could differentiate pancreatic cancers from inflammatory masses (100% sensitivity and 96% specificity), and pancreatic cancers from neuroendocrine tumors (100% sensitivity and 88% specificity).

Using the same methods as within the above study[9], another study retrospectively evaluated 109 patients with solid pancreatic masses[21]. With the qualitative technique, all pancreatic cancers presented intense blue coloration, however, the inflammatory masses showed mixed colorations (green, yellow, and low-intensity blue). With the quantitative technique, the mean SR was 39.08 ± 20.54 for pancreatic cancer, and 23.66 ± 12.65 for the inflammatory masses (P < 0.05).

SH: Quantitative EUS elastography with SH has also been investigated in studies. Using 175 as the cut off value of the mean SH, Săftoiu et al[8] reported sensitivity, specificity, PPV, negative predictive value (NPV) and accuracy of 91.4%, 87.9%, 88.9%, 90.6%, and 89.7%, respectively, in differentiating between benign and malignant pancreatic masses. Recently, a multicenter study with 258 patients used the same cut-off value (175), and found that sensitivity, specificity, PPV, NPV and accuracy of EUS elastography were 93.4%, 66.0%, 92.5%, 68.9%, and 85.4%, respectively[20]. In another study, Schrader et al[42] evaluated the usefulness of SH in differentiating malignant pancreatic masses from normal pancreas and found a very promising result with 100% sen​sitivity and 100% specificity for malignancy detection. However, a limitation of this study was the selection of the control group, since the authors used normal pancreas as control group compared with the group with malignant pancreatic diseases, but did not use patients with pancreatic masses or chronic pancreatitis as control group.

Combination of elastography and contrast-enhanced color Doppler ultrasound in eus: Malignant solid pancreatic masses are usually hypo-vascular on (contrast enhanced) color Doppler ultrasound and hypo-enhancing on contrast-enhanced ultrasound[50] (Figure 2). A study by Săftoiu et al[22] found that the combination between EUS elastography and contrast-enhanced color Doppler EUS could offer important information for the decision-making process, especially in patients with negative EUS-FNAB and strong clinical suspicion of malignancy. In their study, both modalities were performed sequentially during the same EUS examination in 21 patients with chronic pancreatitis and in 33 patients with pancreatic ductal adenocarcinoma. The sensitivity, specificity, accuracy, PPV and NPV of the combined techniques for differentiation of hypo-vascular hard masses suggestive of pancreatic carcinoma were 75.8%, 95.2%, 83.3%, 96.2% and 71.4%, respectively.

Diffuse pancreatic diseases
Chronic pancreatitis: EUS has become one important method for the diagnosis of chronic pancreatitis in clinical practice. Still, there are many challenges with the criteria from EUS, especially for diagnosing non-advanced stages. EUS elastography can provide additional relevant information of tissue stiffness and thus may benefit the diagnosis of chronic pancreatitis. In a recent published prospective study[51], quantitative EUS elastography was performed in 191 patients (from which 92 were finally diagnosed with chronic pancreatitis), The SR was measured in the head, body and tail of the pancreas and the mean value was used for analysis. For each measurement of SR, area A was the largest possible area of pancreatic parenchyma, and area B referred to a soft (red) reference area corresponding to normal surrounding gut wall. Results showed that there was a highly significant direct linear correlation between the SR and the number of EUS criteria of chronic pancreatitis (r = 0.813). The accuracy of EUS-elastography for diagnosing chronic pancreatitis was 91.1 % (cut-off strain ratio of 2.25). Therefore, EUS-elastography is proven to be an accurate tool for the diagnosis of chronic pancreatitis according to this study.
Pancreatic fibrosis: The usefulness of EUS elastography for diagnosing the grade of pancreatic fibrosis has been evaluated in one study[52]. EUS elastography was performed in 58 consecutive patients before pancreatectomy for both pancreatic tumors and upstream pancreas. Quantitative technique with novel software was used to analyze the EUS elastography images, and 4 parameters (mean, standard deviation, skewness, and kurtosis) were calculated. Histological fibrosis was graded into 4 categories (normal, mild fibrosis, marked fibrosis, and severe fibrosis). The results showed that fibrosis grade was significantly correlated with all 4 quantification parameters, and that the mean was the most useful parameter for diagnosing pancreatic fibrosis. The area under the ROC curves for the diagnosis of mild or higher-grade fibrosis, marked or higher-grade fibrosis and severe fibrosis were 0.90, 0.90, and 0.90, respectively. Therefore, EUS elastography may be a useful tool for the accurate diagnosis of pancreatic fibrosis. 
Future developments
Future developments of EUS elastography for pan​creatic related pathologies include evaluation of the role of elastography-guided biopsy of the pancreas. EUS elastography has high sensitivity for detecting even very small pancreatic masses, and in addition, can be helpful in staging pancreatic cancer and for guiding a biopsy to obtain samples for cytological or histological diagnosis[1,46-48]. The additional value of elastography combined with other techniques such as contrast-enhanced endoscopic ultrasound (CE-EUS), fusion imaging or 3D elastography examinations might also be feasible[30,49].

Lymph nodes
The differentiation of benign and malignant lymph nodes (LNs) is crucial for staging, for prediction of prognosis and for selection of appropriate treatment options in many cancers, such as esophageal, stomach, bronchial, and pancreatic carcinomas. LNs that are close to the gut can be imaged with EUS, but the differential diagnosis of benign and malignant nodes with EUS remains a challenge. Although there are already some established criteria on B-mode EUS for the diagnosis of malignant LNs (such as hypoechoic structure, round shape, sharp margins, > 10 mm diameter), these features overlap sometimes with benign nodes. Also, it should be considered that malignant nodes at early stages may have less or even none of these typical features[53], the specificity and accuracy with these criteria being rather low[25,30,54,55]. In this setting, EUS-elastography, as a minimally invasive imaging modality may be helpful for the differential diagnosis of benign and malignant LNs or to single out the more suspicious nodes to be targeted for endosonographic guided tissue sampling[23,39].

Qualitative EUS elastography
Similar with pancreatic masses, malignant LNs are considered to be harder than benign ones, which has been studied in several publications[6,23,24,34,56] (Figure 3). Giovannini et al[6] first published their results on evaluation of the usefulness of qualitative EUS elastography in differentiating the benign from malignant LNs with different locations (cervical, celiac, mediastinal and aortocaval). A number of 31 lymph nodes from 25 patients were included in this study. The predominance of blue areas was considered to be related to malignancy, however, mostly green nodes and indeterminate ones (shown as heterogenicity), were classified as benign. The obtained sensitivity and specificity for determining malignancy were 100% and 50%, respectively. Janssen et al[24] evaluated the feasibility and the usefulness of qualitative EUS elastography for characterizing the LNs in the dorsal mediastinum, regarding the histological results obtained in the same session from EUS-FNAB as the gold standard. Benign LNs exhibited predominantly intermediate homogeneous deformation (yellow/green), while malignant LNs showed a quantitative dominance of hard (blue) units. The three examiners who participated in the study had accuracies ranging from 84.6% to 86.4% for malignant lymph nodes, and from 81.8% to 87.9% for benign ones. The interobserver agreement was good (kappa = 0.84).

A five-point scoring system has also been eval​uated. In a multicenter study, scores 1 and 2 were interpreted as benign, score 3 as indeterminate and scores 4 and 5 as malignant. The obtained sensitivity, specificity, PPV, NPV, and accuracy for the detection of malignancy were 91.8%, 82.5%, 88.8%, 86.8%, and 88.1%, respectively[34]. The interobserver agreement yielded a kappa score of 0.657 for the detection of malignant LNs[34]. Săftoiu et al[56], also using a 5-score system, evaluated LNs in cervical, mediastinal, and abdominal areas, and got better results. The obtained sensitivity, specificity, and accuracy for the distinction of benign and malignant LNs were 91.7%, 94.4%, and 92.86%, respectively. 

One meta-analysis including 7 studies, 368 patients and 431 LNs, has investigated the application of EUS elastography for the differentiation between benign and malignant LNs. The pooled sensitivity and specificity of EUS elastography for the differential diagnosis of benign and malignant LNs were 88% and 85%, respectively. The area under the summary receiver operating characteristic curve was 0.9456. Authors concluded that EUS elastography is a promising, non-invasive technique for the differentiation of malignant LNs, and that it may become a valuable supplemental method to EUS-guided FNAB[23]. 

Quantitative EUS elastography
The previously referred study by Săftoiu et al[56] also included a quantitative analysis, i.e., a separate RGB channel histograms. With a cut-off level of 0.84, the sensitivity, specificity, and accuracy for malignancy detection were 95.8%, 94.4%, and 95.2%, respectively. A subsequent study also by Săftoiu et al[57] used quantitative EUS elastography based on SH to investigate cervical, mediastinal and abdominal LNs. With a cut off value of 166 for the mean of the SH (between blue and green on the rainbow scale), the sensitivity, specificity, and accuracy of EUS elastography in the detection of malignancy were 85.4%, 91.9%, and 88.5%, respectively. The corresponding area under the curve was 0.928. Two recent studies using not only SH but also SR showed superior accuracy of EUS elastography as compared to conventional EUS criteria in differentiating benign and malignant LNs for the nodal staging of esophageal cancer[58,59].

However, only one study by Larsen et al[60], using both qualitative and quantitative (with SR) EUS elastography, did not find that EUS elastography is better than EUS morphology in differentiating between benign and malignant LNs, at least for included patients with resectable upper GI cancers.

Future development (eus elastography for eus-fna)
EUS-FNA offers the most reproducible results in the diagnosis of metastatic LN infiltration, with an accuracy greater than 85%[39,54,61]. But the accuracy depends on the appropriate selection of LNs and targeting of focal infiltration within LNs for biopsy. Both B-mode diagnosis and EUS-FNAB may fail to detect the smallest LN metastases. Elastography is able to identify the smallest metastatic related changes in tissue hardness, thus it has the potential to be useful for target selection prior to endosonographic guided tissue sampling[39] (Figure 4). The European guidelines[4] for the use of elastography in clinical practice suggest that EUS elastography adds information to the B-mode evaluation of LNs and can better guide an EUS-FNA procedure by identifying stiffer and thus, most suspicious regions for malignant infiltration.

Subepithelial masses
Imaging the layers of the GI tract is one of the major indications of the EUS examination[30]. EUS with high-frequency transducers of at least 7 MHz is used to improve visualization of wall layers, thickened bowel walls and target lesions. In the case of subepithelial masses, EUS elastography can provide information on stiffness, which may help increase the diagnostic confidence and accuracy of the staging. So far, there have been only few reports concerning the use of EUS elastography in characterizing subepithelial masses[62-64]. 

On B-mode EUS, the characteristics of benign subepithelial masses include (1) specific layer location (in the case of lipoma); (2) size smaller than 3 cm; (3) a smooth contour; (4) uniform echogenicity; and (5) lack of infiltration signs. On EUS elastography, benign subepithelial masses usually are showing an intermediate stiffness with homogenous strain pattern[30,61,63-65]. During follow-up, they usually have little to no changes in regards to the aforementioned criteria. However, the detection of some degenerative changes makes the diagnosis of benignity very difficult[63].

Lipomas are the most common subepithelial lesions. On EUS elastography, they are usually homo​genously soft but occasionally, stiffer lipoma may also occur[1,30,63].

Malignant subepithelial masses have the following B-mode EUS criteria: (1) size > 3-4 cm; (2) an irregular contour or ulceration; (3) heterogeneous structure; and (4) LNs infiltration[30]. They usually show a heter​ogeneously stiff pattern on EUS elastography[63,64] (Figure 5).

Gastrointestinal stromal tumors (GISTs) are difficult cases. EUS elastography does not currently provide a good enough resolution to properly assess the microfoci found in GISTs[30,63] (Figure 6).

EMERGENT INDICATIONS AND FUTURE PERSPECTIVES

Fecal incontinence 
The anal canal has the same layered structure as the rest of the GI tract and different layers have different elasticities, which is shown as different color patterns of each layer on elastography[1,66]. Allgayer et al[66] evaluated the elastography of anal sphincters in 50 patients with fecal incontinence, and found that the inner anal sphincter and external anal sphincter had different elastographical color distributions. However, there was no significant correlation between the elastographic appearance of sphincters and the functional and clinical parameters of the patients. Therefore, EUS elastography may not yield additional information in patients with fecal incontinence. 

Liver
Although transcutaneous ultrasound elastography has been established as a modality for assessing the stiffness of liver tissue and even of focal liver lesions[67,68], there is still a lack of data on the use of EUS elastography for the liver. A possible reason is that EUS can usually only image the left liver lobe but not the entire organ, which limits its application for the liver. Our previous publications have briefly described the use of EUS elastography for the detection and differentiation of superficial liver tumors in the left liver lobe[1,3]. 

Biliary tract
Less data has been published concerning the use of EUS elastography for the diagnosis of disorders of the biliary tract[44]. Choledocholithiasis, chronic inflammatory or sclerosing processes may cause stiffness of the bile duct walls[30]. Our previous paper has reported that biliary papillomatosis showed a homogenously hard pattern of the distal stenosis when the mass infiltrates beyond the wall and the stenosis caused is severe[44]. 

Adrenal glands
The left adrenal gland is anatomically located near the posterior gastric body wall, and thus it can be visualized using EUS in almost every case[69,70]. However, the right adrenal gland can be visualized more readily using the transcutaneous route[30,69-72]. Studies regarding EUS-FNAB found that EUS-FNAB provided an accurate diagnosis of adrenal metastasis[73]. No studies have been published regar​ding the use of EUS elastography in differentiating malignant adrenal masses from benign ones, except few reports[1,3,36,65,74] (Figure 7). Malignant infiltrations tend to be stiffer than benign tumors, inflammatory processes and fatty deposits[30].

future perspective on techniques
Shear wave elastography, including acoustic radiation force impulse imaging and supersonic shear wave imaging, has been proven useful in assessing the stiffness of breast lesions, thyroid lesions and liver fibrosis[4,5,68]. However, this technique is still not available with an endoscope. Supersonic shear wave imaging has been already equipped on the transrectal ultrasound transducers, and its usefulness in the distinction of benign and malignant prostate lesions has been published[75]. It is expected that shear wave elastography could be also available on an endoscope, which would provide a new way to assess the stiffness of pancreatic masses and adjacent LNs, etc. 

LIMITATIONS

The limitations of EUS elastography are the following: (1) both qualitative and quantitative methods are observer-dependent with operator bias in the selection of ROI and areas for analysis, which could cause intra- and inter-observer variability; (2) it is difficult to control the tissue compression by the endosonographer, and excessive pressure applied to the tissues can artificially increase their strain; (3) since a high-frequency transducer is used in the EUS elastography, the depth of penetration is limited, thus only the organ or part of the organ near the GI tract can be imaged; (4) presence of motion artifacts; (5) the strain value can be impacted by the vessels, cysts and bones in the selected ROI; and (6) the strain value may be also impacted if there is insufficient surrounding “normal tissue” as reference in the ROI, thus, the SR method may be occasionally unavailable due to this issue[47]. Other limitations include that EUS elastography needs more training and costs more time in procedure than conventional US elastography.

CONCLUSION

As a minimally invasive method, EUS plays an impor​tant role in assessing malignancies of the GI tract and nearby organs. Elastography adds valuable information to EUS by providing a qualitative and quantitative evaluation of tissue stiffness, thus reflecting the malignant or benign nature of the disease. Pancreas and LNs are the two most investigated organs with EUS elastography. Both qualitative and quantitative techniques have been proven useful in the differentiation between benign and malignant solid pancreatic masses and lymph nodes, and differentiation between normal pancreatic tissues and chronic pancreatitis, all with a high accuracy. EUS elastography can be combined with other imaging techniques, such as CE-EUS, which may be helpful to further improve the accuracy of EUS assessment.

EUS elastography is currently not ready to replace EUS-FNAB in any of its indications. However, EUS elastography may be useful for making clinical decisions, such as whether biopsies are necessary for a patient, which LNs are most likely to be malignant and thus selected for biopsy. In addition, a suspicious finding on EUS elastography can be helpful for guiding further clinical management when EUS-FNAB is inconclusive or negative.

Few publications have suggested that EUS elasto​graphy may be also useful to identify the hard (most likely to be malignant) areas within the pancreatic masses and lymph nodes for targeted EUS-FNAB. However, future studies are needed to further define the role of EUS elastography in this indication.

Emergent indications include the use of EUS elastography for the characterization of lesions located in the liver, biliary tract, adrenal glands, and GI tract. Still, additional evidence is required to define the role of EUS elastography in these clinical applications. Future perspectives also include monitoring treatment response in antiangiogenic therapy with elastography technique and application of EUS elastography in pediatric patients[76] and adequate reimbursement[77]. 
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Figure 1  Benign and malignant pancreatic masses on endoscopic ultrasound elastography. A: A pancreatic teratoma is shown as heterogeneous soft (green) pattern (left: EUS elastography image; right: B-mode image); B: A pancreatic ductal adenocarcinoma appears stiffer (blue) than the adjacent normal pancreatic parenchyma, probably due to the presence of fibrosis and marked desmoplasia.
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Figure 2  Combination of elastography and contrast-enhanced ultrasound in endoscopic ultrasound. A: A pancreatic ductal adenocarcinoma is demonstrated as a heterogeneous hard (blue) pattern; B: On contrast-enhanced endoscopic ultrasound, pancreatic ductal adenocarcinoma is hypo-enhancing.
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Figure 3  Malignant Lymph nodes on endoscopic ultrasound elastography. A malignant lymph node is revealed as predominantly hard (blue). Arrows indicate infiltration. LN: Lymph node.
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Figure 4  Endoscopic ultrasound elastography adds information to the B-mode evaluation of lymph nodes and can better guide a fine needle aspiration procedure by identifying stiffer (blue in the image) and thus, most suspicious regions for malignant infiltration. Arrow indicates needle tip.
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Figure 5  Gastric carcinoma is shown as heterogeneously stiff pattern (blue) on endoscopic ultrasound elastography.
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Figure 6  Gastrointestinal stromal tumor is revealed heterogeneous hard (blue) pattern on endoscopic ultrasound elastography.
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Figure 7  Benign adrenal gland tumor is typically soft (green) on endoscopic ultrasound elastography (A) and hyper-enhancing on contrast-enhanced endoscopic ultrasound (B).
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Table 1  Five score classification system for endoscopic ultrasound elastography


Score


�
Color pattern


�
Stiffness


�
Histology


�
Ref.


�
�
1


�
Green


�
Homogeneous soft


�
Normal pancreatic tissue


�
[6,34]


�
�
2


�
Green, yellow and red


�
Soft heterogeneity


�
Fibrosis


�
[6,34]


�
�
3


�
Mostly blue with minimal heterogeneity


�
Hard


�
Early pancreatic adenocarcinoma


�
[6,34]


�
�
4


�
Central green hypoechoic region and blue tissue outer layer


�
Hard 


�
Neuroendocrine tumor, metastasis


�
[6,34]


�
�
5


�
Blue lesions with heterogeneity due to necrosis


�
Hard


�
Advanced pancreatic adenocarcinoma


�
[6,34]


�
�






Table 2  Four score classification system for endoscopic ultrasound elastography


Score


�
Color pattern


�
Stiffness


�
Histology


�
Ref.


�
�
1


�
Homogeneous green


�
Soft


�
Normal pancreas


�
[38]


�
�
2


�
Heterogeneous, green-Predominant


�
Soft


�
Inflammatory pancreatic masses


�
[38]


�
�
3


�
heterogeneous, blue-Predominant


�
Hard


�
Pancreatic malignant tumors


�
[38]


�
�
4


�
homogeneous blue


�
Hard


�
Pancreatic neuroendocrine malignant lesions


�
[38]


�
�
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