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Abstract

Esophageal cancer is a malignant neoplasm with poor outcomes. Determination of local disease 

progression is a major determining factor in treatment modality, radiation dose, radiation field and 

subsequent surgical therapy. Discrimination of true tumor extent is difficult given the similarity of 

soft tissues of the malignancy compared to non-malignant tissues using current imaging 

modalities. A possible method to discriminate between these tissues may be to exploit mechanical 

properties to diagnostic advantage, as malignant tissues tend to be stiffer relative to normal 

adjacent tissue. Shear waves propagate faster in stiffer tissues relative to softer tissues. This may 

be measured by using ultrasound based shear wave vibrometry. In this method, acoustic radiation 

force is used to create a shear wave in the tissue of interest and ultrafast ultrasound imaging is 

used to track the propagating wave to measure the wave velocity and estimate the shear moduli. In 

this study we created simulated malignant lesions (1.5 cm length) using radiofrequency ablation in 

ex vivo esophageal samples with varied progression (partial thickness n = 4, and full thickness n = 

5) and used normal regions of the same esophageal specimen as controls. Shear wave vibrometry 

was used to measure shear wave group velocity and shear wave phase velocity in the ex vivo 
specimens. These values were used to estimate shear moduli using an elastic shear wave model 

and elastic and viscoelastic Lamb wave models. Our results show that the group and phase 

velocities increase due to both full and mucosal ablation, and that discrimination may be provided 

by higher order analysis using viscoelastic Lamb wave fitting. This technique may have 

application for determination of extent of early esophageal malignancy and warrants further 

investigation using in vivo approaches to determine performance compared to current imaging 

modalities.
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Introduction

Cancers of the gastrointestinal tract (GI), such as esophageal cancer have significant impact 

on patient quality and duration of life. Esophageal cancer is a common condition, with 

approximately 500,000 new cases worldwide per year, and is increasing in the United States 

[1], [2]. Recently, there has been a shift from the historical predominance of esophageal 

squamous cell carcinoma to increased rates and incidence of adenocarcinoma [1], [2] in the 

Western world, presumably due to decreased smoking, increased endoscopic surveillance of 

Barrett’s esophagus, gastroesophageal reflux disease, and obesity [3], [4]. In Asian countries 

where endoscopic surveillance is common for squamous cell carcinoma of the esophagus 

there has been an increase in early stage cancers with minimal invasion [5], [6]. Ultimately, 

the optimal treatment of these cancers depends on resectability which is based on degree of 

tumor invasion, location, and metastatic spread [7].

The prognosis of esophageal malignancy of both squamous cell and adenocarcinoma depend 

on the degree of tumor extension outside of the esophagus, the degree of lymph node 

involvement, as well as metastatic spread [8]. Obtaining accurate information on degree of 

disease extension throughout the patient’s body is essential to providing optimal clinical 

therapy. While distant disease may be treated with chemotherapeutics and radiation, local 

disease may be amenable to surgical or endoscopic approaches [5], [9] with or without a 

neoadjuvant chemotherapeutic regimen. Current treatment requires resection for definitive 

determination of malignant extent [10]. Obtaining information about extent of tumor 

involvement is essential.

Current diagnostic approaches using magnetic resonance imaging, x-ray computed 

tomography (CT), and positron emission tomography with or without CT fusion, while 

useful in determining metastatic spread [11], [12], provide poor visualization to determine 

local tumor extent [11], lymph node disease, and tumor stage. Endoscopic ultrasound (EUS) 

provides superior determination of local tumor and nodal status [11]. Unfortunately, there 

are limitations with EUS as it depends solely on the echogenic tissue differences and 

requires higher frequency to provide optimal spatial resolution, therefore it suffers 

significant attenuation with tissue depth. Current probe technology for EUS typically utilizes 

frequencies of 12–20 MHz with soft tissue penetration depths of 29 mm and 18 mm, as 

probe frequency increases over this range [13]. While for superficial malignancies this may 

provide complete depth evaluation, for bulkier tumors these penetrations are inadequate for 

complete depth evaluation and provide suboptimal soft tissue contrast for both early and late 

stage tumors. Despite drawbacks in fundamental physics associated with EUS it remains the 

current standard of care when combined with biopsy for determination of diagnosis and 

depth of invasion [14]. Unfortunately, biopsy sampling combined with EUS may not provide 

determination of true tumor longitudinal or circumferential or depth of invasion, which 
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would have significant clinical utility to determine radiation field, response to therapy, and 

definitive surgical or endoscopic resection.

It is well accepted that malignant tissues in a variety of organ systems are stiffer than their 

nonmalignant counterparts [15]–[17]. On the cellular level, it appears that malignancy is 

correlated with less stiff and more deformable cells [18]–[21], which may facilitate 

metastatic spread. However, data suggests that on the macroscopic tissue level malignant 

disease may be strongly related to increased stiffness [22]–[25]. While the cause of 

increased stiffness in esophageal malignancy is unclear, in other cancers this increased 

stiffness may be from both increased collagen content [26], [27] and increased collagen 

cross linking [28]. While there are biomarkers for detection of malignancy in a variety of 

organ systems, there is no such chemical biomarker currently for esophageal cancer. A 

possible avenue for identification of a biomarker for esophageal cancer may be 

biomechanical properties themselves, and may be related to metastatic disease [22].

An approach to provide this information is leveraging tissue mechanical properties to 

determine true extent and degree of invasion. One way to investigate material properties is 

using shear wave elastography [29]. This method typically uses focused ultrasound to 

“push” on the tissue internally to generate a propagating shear wave. The shear wave 

velocity is related to the stiffness of the medium, so measurement of the wave velocity can 

provide quantitative information related to the tissue material properties. Using shear wave 

velocity variations in different tissue may allow comparison of native unaffected esophageal 

tissue compared to malignant tissue. This may provide a more optimal approach to 

determining extent of disease in respiratory and GI malignancy such as esophageal, colonic, 

and gastric carcinomas. Within this work we apply ultrasound-based shear wave vibrometry 

to characterize ex vivo swine esophagi and compare material changes in control and 

radiofrequency ablated esophageal tissue simulating malignant esophageal lesions of 

varying depth.

Methods

Specimen Preparation

Nine esophagi were harvested from 60–70 kg cross bred domestic swine consistent with 

Institutional Animal Care Use Committee guidelines. The complete esophagus was 

extirpated after animal sacrifice. Esophageal tissue was placed in PBS buffered crystalloid 

solution (NaCl 137 mmol/L KCL 2.7 mmol/L Na2HPO4 10mmol/L KH2PO4 1.8 mmol/L) 

and stored at −80 °C. Esophageal specimens were gradually rewarmed in PBS to 

atmospheric temperature (assumed 25 °C). Specimens were then inverted so the mucosa was 

extra-luminal and the muscular surface was luminal. This was performed to allow surface 

ultrasound probe use. The specimens were then ablated in either full thickness (entire 

esophageal wall, mucosa through muscular layer) (n = 5) or partial thickness (mucosa and 

submucosa only) (n = 4) using radiofrequency (RF) energy (Force 2 CEM, Valleylab, 

Boulder, CO) [30]–[33] by inserting the RF probe into an incision in the mucosal-

submucosa complex with a non-conductive surface deeper to isolate the thermal energy from 

the muscular layer. Further thermal protection using a 60 French bougie dilator inserted 

luminally was used to prevent ablation of the radial opposite wall. Full thickness ablation 
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was performed similarly without the non-conductive probe between the mucosal-submucosa 

complex and muscular layers. Ablations were generated to be approximately 1.5 cm in 

length.

The specimen was then trimmed so 12 cm of mid-thoracic esophagus was isolated which 

was then mounted on cannulae fixed with plastic securement ties so that approximately 10 

cm of esophageal tissue was exposed. The mounting apparatus was then immersed in a bath 

of degassed water. The lumen was then infused with degassed water and allowed to 

equilibrate with atmospheric pressure. A Verasonics V-1 programmable ultrasound 

instrument (Verasonics, Inc., Kirkland, WA) was used for the experiments. The ultrasound 

shear wave elastography was performed with a linear array transducer (L7–4, Philips 

Healthcare, Andover, MA). The speed of sound in the water media is assumed 1480 m/s.

Mechanical Property Characterization

The characterization of the mechanical properties of the esophagi after generation of 

simulated malignant lesions was performed using ultrasound-based shear wave vibrometry. 

Shear wave vibrometry constitutes the principle behind a number of methods that have been 

used for more than two decades to assess non-invasively the status of different body tissues 

under healthy and pathological conditions. Shear wave vibrometry was used to directly 

measure shear wave group velocity and shear wave phase velocity in excised porcine 

esophagi. Shear wave vibrometry measurements were then used to detect changes in 

esophageal stiffness due to ablation. The ablated zone (1.5 cm in length) was assessed for 

shear wave velocity and the non-ablated wall of the esophagus was used as a control.

Shear wave vibrometry uses acoustic radiation force (ARF) to excite propagating waves in 

the esophagus and plane wave imaging to track the wave motion. The excitation force is in 

the form of a short impulse that is 400 µs in duration and is focused at a user-defined 

position (push beam) with the ultrasound transducer as shown in Fig. 1. This impulsive ARF 

perturbs the tissue and creates waves that propagate perpendicular to the z-axis (along x-axis 

in Fig. 1).

Following the wave excitation, the probe is switched to a plane wave imaging mode to track 

wave propagation at a frame rate of 12 kHz (detection beam). The acquired in-phase/

quadrature (IQ) data from the Verasonics system (V1, Verasonics, Inc., Kirkland, WA) using 

the linear array transducer (L7–4, Philips Healthcare, Andover, MA) was analyzed using 

autocorrelation analysis to obtain the particle velocity [34]. This allows us to track wave 

propagation as a function of time (t) and distance (x). Under the assumptions that the tissue 

is locally homogeneous, linear, elastic and isotropic the group velocity can be related to the 

mechanical properties of the tissue. Group velocity can be estimated by calculating the slope 

of the impulse propagation as a function of time and distance [35]. The group velocity (cg) 

can be used to calculate the elastic shear modulus using μ = ρmcg
2 where tissue density ρm is 

assumed to be 1000 kg/m3.

In reality, most biological tissues are not purely elastic but inherently viscoelastic, and 

therefore in addition to group velocity measures it is necessary to obtain estimators that 

account for the viscous nature of the tissue such as phase velocity in order to uniquely 
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characterize the tissue mechanical properties. Additionally, the esophagus is not a large 

organ like the liver or breast, so the propagating waves are affected by the boundaries of the 

esophagus.

Lamb wave Dispersion Ultrasound Vibrometry (LDUV) is a technique developed and 

validated by our laboratory described in the original paper by Nenadic, et al. [36] for 

measuring mechanical properties of boundary sensitive soft tissues such as free-wall 

myocardium, arterial wall, bladder, and tendons [37]–[39], and in this case the esophagus.

For the purpose of this application, we assumed that wave propagation in the top and bottom 

wall can be approximated by wave propagation in a plate of the same thickness as the wall 

of the esophagus Fig 2. This approximation has been validated in a variety of settings [37]–

[39]. The wall of the esophagus is approximated as an incompressible, homogenous, 

isotropic solid submerged in an incompressible nonviscous fluid. The equation governing the 

Lamb wave dispersion in the esophageal wall is

(1)

where kL = ω/cL is the Lamb wave number, ω is the angular frequency, cL is the frequency 

dependent Lamb wave velocity,  is the shear wave number, μ is 

the shear modulus written in terms of the elastic (μ1) and viscous (μ2) components so that μ 

= μ1 + iωμ2, ρm is the density of the sample (assumed) and h is the half-thickness of the 

sample. Equation (1) is fit to the experimentally measured Lamb wave dispersion curves 

(velocity versus frequency) to obtain elasticity and viscosity coefficients μ1 and μ2.

The phase velocities of the propagating waves were extracted using a method described by 

Bernal, et al. [40]. To understand the value of modeling the esophagus as an elastic or 

viscoelastic organ, we can fit the same phase velocity data to the Lamb wave model in Eq. 

(1) with the real or complex shear modulus.

In our analyses of comparing the parameters we used a paired Student’s t-test implemented 

in MATLAB (Mathworks, Natick, MA). We regarded a p value of 0.05 to be statistically 

significant.

Results

An example of a B-mode image taken with a General Electric Logiq E9 scanner (General 

Electric Healthcare, Wauwatosa, WI) of a partial thickness ablation sample is shown in Fig. 

3. The B-mode contrast is low.

Figure 4 shows the group velocity values and elastic shear moduli values derived from the 

group velocity measurements for all samples with full thickness and mucosal-submucosal 

ablations. In all samples, the ablated region had higher values of group velocity and shear 

moduli compared to control regions in the same esophagus sample. The shear moduli values 

are further summarized in Fig. 5 with the data points and their associated means and 
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standard deviations represented by the center line and error bars, respectively. The means of 

the ablated regions were larger than the control regions.

Figures 6 and 7 show the phase velocity dispersion measured in control and ablated regions 

for the full thickness and partial thickness samples, respectively. The phase velocities are 

generally higher in the ablated regions compared to the control regions in almost all 

samples. The differences in phase velocities increased at higher frequencies.

Figure 8 shows a summary of the different parameters that were derived from the group 

velocity and phase velocity measurements. The error bars represent the standard deviations 

of the parameter for all samples. Figure 8(a) shows the group velocity and Fig. 8(b) shows 

the elastic shear moduli derived from the group velocity. Table 1 summarizes the p values of 

the paired Student’s t-test between the values for the control and ablated regions. Using 

group velocity for these comparisons demonstrated statistically significant differences and 

the elastic shear modulus also demonstrated a statistically significant difference for the full 

thickness ablation (p = 0.038).

Figure 8(c) shows the results for the Lamb wave fitting of the data in Figs. 6 and 7 with an 

elastic shear modulus, and Figs. 8(d)–(e) show the results of the Lamb wave fitting of the 

same data with a complex shear modulus. When fitting wave propagation to the elastic 

Lamb wave model no statistical significant results was observed. However, when 

viscoelastic Lamb wave fitting was used, μ2 for full thickness ablations was significantly 

different than partial, while in partial thickness ablation this comparison did not yield a 

statistically different result. Together these results show the discriminatory potential of shear 

wave vibrometry using the viscosity to distinguish between partial and full thickness 

ablations (Table 1).

Discussion

We have shown within this work that group velocity in full thickness and partial thickness 

lesions are able to be discriminated from normal regions of esophageal tissue using shear 

wave vibrometry. Elevations in group velocity cg suggest there is some degree of ablation 

present. Furthermore, we have shown that by using higher order analysis of the shear moduli 

analyzed in terms of the elastic (μ1) and viscous (μ2) components, full thickness lesions can 

be discriminated from partial thickness lesions based on elevations in those parameters. This 

methodology may have substantial clinical utility for characterization of benign and 

malignant esophageal tumors. In practice benign lesions may be more easily characterized 

by distinct boundries or relative homogeneity and distinct tissue type compared to 

surrounding esophageal tissue. Currently the standard of care for diagnosis of malignant 

esophageal neoplasms is endoscopic ultrasound combined with biopsy, which has 

suboptimal soft tissue contrast. The ability to guide tissue biopsies for definitive diagnosis to 

the area most suspicious for metaplastic and most severe malignant degeneration would have 

potentially widespread utility in clinical practice for both benign and malignant tumors. 

Furthermore, using analysis of group velocity for a screening application and then higher 

order analysis based on the elastic and viscious components of the shear modulus may allow 

discrimination between extent of tumor invasion through the esophageal wall. Use of 
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ultrasound-based vibrometry in this setting would allow for realtively simple study and 

translation of clinical practice, as the same devices are already used in this setting, and 

operators have familiarity with the equipment. Incorporating another additional method to 

generate contrast for determining malignant tissue from normal based on biomechanical 

properties with the same probe would have benefit as an additional diagnostic modality.

This proof-of-concept study to investigate if shear wave-based metrics could be used to 

distinguish between normal esophagus tissue and simulated lesions of varied stage created 

using RF ablation suggest this method is feasible for clinical practice and has promise for 

determining degree of tumor progression. The equipment configuration used in this study 

could be used in an intraoperative setting currently during tumor resection as there is no 

current barrier to instilling fluid intraoperatively into the thoracic cavity and is often 

performed in other settings for intraoperative ultrasound. In the future, further enhancements 

of our appraoch could be considered, as ideally information would be provided before an 

incision is made on the patient. To make the method minimally invasive and provide 

preoperative information and use the standard EUS equipment, the shear wave elastography 

method would have to be implemented on an endoscopic ultrasound probe or a 

transesophageal probe. The radial geometry of the probe would have to be taken into 

account from both a theoretical and practical perspective before the implementation of this 

method. A possible method may be a shallow application of the ARF push which could be 

done with an unfocused push [41]. Additionally, measurements in an ex vivo porcine heart 

have been done with a transesophageal probe in contact with the myocardium [42] and 

should be surmountable from an engineering basis.

It has been shown previously that in various organs that malignant tissues are stiffer than 

benign tissues, and this correlates in breast tissue with risk of metastatic disease [15]–[17]. It 

is unclear to our knowledge if this extends to esophageal cancers in vivo. In our study partial 

and full ablations increase stiffness relative to control esophagi. Interestingly in our study 

parameter estimates for partial ablation were increased relative to full thickness ablation. We 

propose there may be several reasons for this. One of the reasons is that at baseline in the 

normal esophagus there are marked mechanical differences between the muscular and 

submucosal layers [43]–[45] and ablation of the mucosal-submucosal layer may alter the 

mechanical coupling of the submucosal layer to the the outer muscular layer and stiffen 

them both because the ablated mucosal-submucosal layer may produce increased strain 

between the layers. In the full thickness ablation both of these layers are denatured to the 

same degree and behave more mechanically similar. While this may be the case for ablation 

of the esophagus it is unclear if this is also the case in the setting of malignancy.

We propose that if this increased stiffness could be proven in vivo that it be considered a 

biomarker for malignancy and that further study could be aimed at determining either failure 

of therapy or risk of metastatic spread based on tissue stiffness. While historically 

mechanical assessment has relied on methods of applying either stresses or deformations 

using variable methods to quantitate in order to elucidate biomechanical tissue properties, in 
vivo use of these techniques is often not feasible, in particular if the tissue needs to be tested 

intact. Using ultrasound to non-destructively determine complex elastic moduli and in 

particular to this work, stiffness of tissue which has undergone malignant changes has 
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promise as incorporating biomechanical measurements into clinical practice. Using short 

impulses of ARF to apply deformations and generate shear waves which propagate through 

the tissues which are rapidly measured at high framerate allows high resolution micrometer 

scale and temporal displacements to be aquired, velocity, and consequently mechanical 

properties to be determined.

The applications of this method using currently available ultrasound transducer arrays for an 

additional modality which provides information of biomechanical changes in tissue has 

broad applications. Applications in addition to detection of malignancy may include other 

pathologies which alter tissue biomechanics of the esophagus, such as motility disorders, 

esophageal stricture (which has underlying fibrotic pathophysiology), or for determination 

of degree of inflammation in esophagitis and reflux disease. We propose that further study is 

required, with software updates to commercially available probes for translational 

application to practice. In particular to patient study in the outpatient setting aimed at 

determination of malignant extent of esophageal cancer as currently diagnosed with EUS 

and compared to the shear wave method and correlation to post surgical pathologic 

specimens for true tumor extent. This study would be fairly simple to conduct as the EUS 

probe is already indwelling for diagnostic workup preoperatively and is the current standard 

of care. Given operators are familiar with EUS use and application, and only software 

updates would be required in addition to taking probe geometry into account would be 

required from a theoretical perspective, implementation into patient study would not 

represent significant challenge.

Limitations

The esophagus is not homogenous in animals, in particular swine, as it traverses from the 

oral cavity to the stomach through the thorax [46]. These morphological changes, through 

relatively minor in a given section of tissue likely have underlying effects on mechanical 

wave transmission and subsequently, wave velocity which is used to determine many of the 

parameters we estimate in this work. Furthermore, we have attempted to generate reasonable 

lesions which simulate malignancy in order to determine if shear wave velocity and shear 

modulus are affected. It is possible that the degree of stiffness of malignant tissue compared 

to our phantom will be either greater or lesser than we have simulated, and consequently 

shear wave speed and moduli will vary accordingly. In other tissues RF ablated tissues have 

been shown to have increased stiffness compared to normal tissues [30], [32], [47], [48], 

while in our study this was this case it is unclear if this is generalizable in esophageal tissues 

as well. We have attempted to remove the possibility of anatomic sample-to-sample variation 

through using a single experienced operator to obtain specimens (JMA). Although tissues 

were frozen to −80 °C before testing and it is possible this may alter mechanical properties 

in other tissues this does not appear to occur to a marked degree, in particular soft tissue 

tubular structures [49]–[57]. Furthermore, we have attempted to homogenize the lesions 

which were generated by having two operators (JMA and IZN) agree on extent and 

comparability of simulated malignant lesions when ablation was performed. Furthermore, 

while all samples were from similar size swine, in vivo conditions are likely different in 

terms of baseline tissue strain and consequently stiffness, we attempted to ameliorate this by 

preparation on the specimen mounting to prestrain to in vivo length (~15%) to obtain 
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homogenous in vivo based tissue strain across specimens. Despite attempts to obtain exact in 
vivo strain it is likely this does not reflect exact in vivo strain. During mechanical inversion 

which was non-destructive there may have been alterations in stiffness after inversion which 

were not evaluated. While there were low numbers of samples tested, we did use each 

esophageal specimen as their own control, which may reduce variability in the tested 

samples but limit generalizations derived from our data. Furthermore, due to small sample 

size the sample-to-sample variability may have been unequally distrubted amounst 

experimental groups and altered the results. Additionally, we have made several 

mathematical assumptions that may not replicate the physiologic reality, in particular tissue 

homogeneity and isotropic nature and furthermore on wave transmission which did not 

account for tubular esophageal morphology.

The measurements made were region-based measurements and to determine the spatial 

extent of the lesion, an imaging method would be ideal. Implementations of shear wave 

elastography are now available on many clinical scanners and could be used. However, this 

would have to be done in an ex vivo or intraoperative setting. This study was meant to 

demonstrate that there was contrast that could be detected in an esophagus with shear wave 

vibrometry. Efforts will be made in future work to make images from the Lamb wave 

reconstructions.

Conclusion

In this study we have demonstrated that simulated esophageal malignancy of varied stage 

may be detected and discriminated based on shear wave vibrometry through changes in 

group velocity and the elastic and viscous components of the shear modulus. This method 

may have future utility in diagnosis and prognostication of esophageal and gastrointestinal 

malignancies.
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Figure 1. 
Experimental setup with linear array transducer performing shear wave vibrometry on an 

esophageal specimen. A. The experiments were performed with the push beams focused in 

normal esophagus (control) positioned on the left, and near the simulated malignancy on the 

right. B. A top view of the esophagus and transducer immersed in a water tank with 

degassed water. C. Diagrammatic scheme of the experimental conditions.
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Figure 2. 
Coordinate system used for Lamb wave modeling for esophagus walls surrounded by fluid 

(water).
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Figure 3. 
Representative B-mode ultrasound image of partial thickness ablated region of esophagus 

(red square). Moderately poor contrast discrimination on B-mode ultrasound imaging was 

observed. Scale bar indicates 1 cm.

Aho et al. Page 16

Biomed Phys Eng Express. Author manuscript; available in PMC 2017 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Group velocity cg and shear moduli (μ) results for each sample with full thickness and 

mucosal-submucosal ablation. Statistical analysis is found in Table 1.
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Figure 5. 
Summary of shear modulus in simulated full thickness and partial thickness (mucosal-

submucosal) lesions. The center line and error bars represent the mean and standard error of 

the mean of the values.
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Figure 6. 
Phase velocity comparison for full thickness ablation studies.
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Figure 7. 
Phase velocity comparison for mucosal-submucosal ablation studies.
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Figure 8. 
Summary of wave propagation results. (a) Group velocity, (b) μs from group velocity, (c) μL 

from elastic Lamb wave fitting, (d) μ1 from viscoelastic Lamb wave fitting, (e) μ2 from 

viscoelastic Lamb wave fitting
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Table 1

p-values for t-tests between Ablated Regions and Controls for Different Parameters Obtained with Shear Wave 

Vibrometry Measurements.

Parameter Full Thickness
Ablation

Partial Thickness
Ablation

Group Velocity, cg 0.021 0.025

Elastic Shear Modulus, μ 0.038 0.072

Elastic Shear Modulus from Lamb Wave, μL 0.053 0.061

Viscoelastic Shear Modulus from Lamb
Wave, μ1,L

0.609 0.172

Viscoelastic Shear Viscosity from Lamb
Wave, μ2,L

0.031 0.152
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