
https://doi.org/10.1177/0161734620921532

Ultrasonic Imaging

 1 –12

© The Author(s) 2020 

Article reuse guidelines:

sagepub.com/journals-permissions 

DOI: 10.1177/0161734620921532

journals.sagepub.com/home/uix

Technical Article

Introduction

Chronic liver disease results in fibrosis that may lead to cir-

rhosis. Especially, the prevalence of nonalcoholic fatty liver 

disease (NAFLD) is 80% to 90% in obese adults, 30% to 

50% in patients with diabetes, and up to 90% in patients with 

hyperlipidemia.1 The prevalence of NAFLD among children 

is 3% to 10%, rising to 40% to 70% among obese children.2 

Moreover, pediatric NAFLD increased from about 3% a 

decade ago to 5% today, with a male-to-female ratio of 2: 1.3 

NAFLD is rapidly becoming the most common liver disease 

worldwide.4,5

Diagnosis based on liver biopsy is still considered as one 

of the gold standards in determining the degree of liver 

fibrosis, which helps in the prognosis of the disease condi-

tion and guides treatment decisions in the case of chronic 

liver disease. However, the use of liver biopsy has several 

limitations, such as invasiveness, physical, and mental dis-

comfort to the patient.6 Some recent techniques, like tran-

sient elastography (TE) and shear wave elastography (SWE), 

have started to increasingly replace biopsy in most cases and 

are discussed in more detail in the subsequent paragraph. 

The different levels of fibrosis are assessed based on 
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Abstract

It is known that the elasticity of liver reduces progressively in the case of diffuse liver disease. Currently, the diagnosis of diffuse 

liver disease requires a biopsy, which is an invasive procedure. In this paper, we evaluate and report a noninvasive method 

that can be used to quantify liver stiffness using quasi-static ultrasound elastography approach. Quasi-static elastography is 

popular in clinical applications where the qualitative assessment of relative tissue stiffness is enough, whereas its potential 

is relatively underutilized in liver imaging due to lack of local stiffness contrast in the case of diffuse liver disease. Recently, 

we demonstrated an approach of using a calibrated reference layer to produce quantitative modulus elastograms of the 

target tissue in simulations and phantom experiments. In a separate work, we reported the development of a compact 

handheld device to reduce inter- and intraoperator variability in freehand elastography. In this work, we have integrated 

the reference layer with a handheld controlled compression device and evaluate it for quantitative liver stiffness imaging 

application. The performance of this technique was assessed on ex vivo goat liver samples. The Young’s modulus values 

obtained from indentation measurements of liver samples acted as the ground truth for comparison. The results from this 

work demonstrate that by combining the handheld device along with reference layer, the estimated Young’s modulus value 

approaches the ground truth with less error compared with that obtained using freehand compression (8% vs. 15%). The 

results suggest that the intra- and interoperator reproducibility of the liver elasticity also improved when using the handheld 

device. Elastography with a handheld compression device and reference layer is a reliable and simple technique to provide a 

quantitative measure of elasticity.
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histological scores classified as F0 (no fibrosis), F1 (mild 

fibrosis), F2 (clinically significant fibrosis), F3 (severe 

fibrosis), and F4 (cirrhosis), as per the revised clinical prac-

tice guidelines for grading and staging of liver diseases.7-9

Therefore, there is an increasing need for alternative nonin-

vasive methods to determine the grade of liver fibrosis and for 

frequent follow-up monitoring of liver after treatment. It is well 

known that liver stiffness is related to the degree of fibrosis, 

and palpation has been used over decades to establish a clinical 

diagnosis of hepatic fibrosis and cirrhosis. Early diagnosis can 

lead to reversing the disease condition and avoid liver trans-

plantation. In the view of the above, there is an active research 

interest worldwide toward the development of noninvasive 

techniques for the assessment of liver diseases based on 

changes in liver stiffness. In this regard, ultrasound elastogra-

phy seem to be one of the most promising approaches.10 Based 

on the excitation source, elastography techniques can be 

divided into two main subgroups: dynamic, which is based on 

dynamic force stimulus, and quasi-static strain elastography in 

which a compressive force is applied.11,12

The most extensively used and tested method for evalua-

tion of liver fibrosis and staging is TE. This technique, which 

does not produce images, consists of a mechanical vibrator 

that generates a low-frequency shear wave at 50 Hz in the 

target tissue (liver), and subsequently, pulse-echo ultrasound 

acquisitions are used to follow the propagation of the shear 

wave to measure its speed, C
s
 (m/s). The corresponding 

Young’s modulus E (kPa) is computed by E C
s

= 3
2

ρ , where, 

ρ is the density of tissue.13 The disadvantage of this method 

is that it does not provide a B-mode image that is essential 

for accurate targeting, it cannot be performed on the liver 

with ascites, and it is not coupled with a standard ultrasound 

machine.14

On the other hand, SWE is a dynamic elastography 

method in which the elasticity is estimated based on the 

shear wave induced by an excitation. The excitation may be 

from an external vibrator or sources, such as an acoustic 

radiation force. Point SWE-based approaches provide the 

stiffness value only over a smaller region of interest (ROI), 

yet the clinical experiences and evidence are promising. 

However, this method will require a dedicated high-end 

scanner, which may make it expensive for routine scanning 

in rural, resource-poor regions within developing or under-

developed countries.15,16

In contrast, quasi-static elastography or real-time elastog-

raphy (RTE) is shown to be feasible even with affordable 

low-cost scanners.17,18 This technique is predominantly pop-

ular in clinical applications where one wants to visualize 

regions with different relative stiffness within a soft-tissue 

region (e.g., solid lesion in breast), as against homogeneous 

targets. In the case of diffuse liver disease, where the liver 

gets stiffer as a whole, this technique has not been explored 

much, citing its qualitative nature and lack of any local con-

trast. However, it has several advantages: it is fast and pain-

less, technique; Ascites is not a limiting factor; it can be 

incorporated within conventional ultrasound diagnostic 

imaging scanner. It allows the combination of examination 

such as elastography assessment of the liver fibrosis and/or 

tumor after the morphological ultrasound examination of the 

liver (to investigate for signs of cirrhosis, portal hyperten-

sion, and to identify focal lesions). Because of the many 

listed advantages of this method, several efforts are being 

taken to make quasi-static elastography a quantitative one.

Chen et al.19 demonstrated the feasibility of estimating per-

ineal body tissue properties in vivo in nulliparous women by 

using quantitative elastography and an artificial reference 

material. Yamamoto et al.20 explored quantitative elastography 

for measuring the degeneration of Achilles tendon using a 

built-in reference layer and strain ratio metric for quantitative 

measurements. Hee et al.21 explored the feasibility of quantita-

tive sonoelastography of the uterine cervix by using laboratory 

built reference material. However, in all of these studies, the 

challenge due to interoperator variability in compression in 

freehand elastography method was not addressed. Furthermore, 

contrast-transfer efficiency (CTE) was not incorporated while 

calculating Young’s modulus from strain ratio. It is important 

to incorporate the CTE, especially for liver, as there appears to 

be a modulus range scale that is correlated to the disease stage, 

and therefore, requires more accuracy.14

In the work reported in this paper, we attempt to over-

come the twin problems of quasi-static elastography (i.e., 

qualitative measurement and challenge of interoperator vari-

ability in freehand elastography compression method) by 

integrating a reference layer within a handheld controlled 

compression device. Recently, we demonstrated a method to 

quantitatively measure the unknown modulus of the exam-

ined homogenous tissue-mimicking phantom by using a ref-

erence layer with known stiffness, interpositioned between 

the transducer and the tissue-mimicking phantom surface.22,23 

However, these used a benchtop three-dimensional (3D) 

motion controller setup to provide elastographic compres-

sion. In a separate study, the development of a compact 

handheld compression device for use in RTE was reported.24,25 

In this work, a combination of the two separate develop-

ments to estimate Young’s modulus of ex vivo goat liver 

samples is investigated. Furthermore, we also investigated 

the intra- and interoperator reproducibility of the elasticity 

measurements obtained by the use of the handheld compres-

sion device and compared it against the freehand elastogra-

phy approach. The work reported in this paper and the 

associated findings on ex vivo liver samples is a necessary 

and significant prelude to translating the concept to investi-

gate its utility in a clinical setting.

Materials and Methods

Ex Vivo Liver-embedded Phantom

Three freshly excised goat livers were acquired from a local 

butcher shop. Agar (3% by weight) and gelatin (5% by 
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weight) were mixed with de-ionized water and heated to 

80°C and stirred with a magnetic mixer until the temperature 

came down to about 30°C. The mixture was then poured into 

a mold that contained the liver sample, which was suspended 

by using a stitching thread, as shown in Figure 1. Thus, the 

agar–gelatin solution acts as surrounding tissue-mimicking 

material for liver. The phantom was of the dimension 10 × 

16 × 16 (height× length× width, in cm). The liver-embed-

ded phantom in mold was then placed in the refrigerator at 

5°C for 8 hours before any mechanical and elastography test-

ing was done on it. In the same manner, a total of three ex 

vivo liver-embedded phantoms were prepared.

Reference Layer

A commercially available 2 (height) ×9 cm (diameter) aque-

ous, flexible, disposable ultrasound standoff layer (Aquaflex®, 

Parker Laboratories, New Jersey) was used as a reference 

layer. Its modulus value was determined from indentation 

test using Universal Testing Machine (UTM; Jinan TE, 

China), which is explained in detail in the upcoming section 

“Measurement of Young’s Modulus Using UTM.”

Handheld Controlled Compression Device

A snapshot of the handheld device setup is shown in Figure 2. 

The controlled compression is achieved by programming the 

movement of the external compressor attachment, instead of 

the transducer itself; therefore, the device can be attached to 

several different ultrasound transducers, irrespective of their 

size and weight. A spindle geared motor, a position sensor, 

and a controller manufactured by Maxon Motor AG 

(Sachseln, Switzerland) were used in the device to move the 

compressor uniaxially. This device is integrated with an L14-

5/38 transducer (Analogic, Peabody, Massachusetts) operat-

ing at frequency of 6.6 MHz (corresponding to “penetration 

mode” in SonixTouch Q+® scanner), which was used for 

radio-frequency (RF) data acquisition. The acquired RF data 

were sampled at 40 MHz sampling frequency. The device 

was set to provide axial compression and relaxation of 2% at 

1 Hz on the ex vivo liver-embedded phantom for five cycles. 

A description of the device development and performance 

can be found in reference.24,25 Note that the device is designed 

such that the compressor plate is the one that is moving and 

not the transducer. Therefore, we could swap out the trans-

ducer probe and this may take additional time. However, the 

actual scanning time of the proposed method is going to be 

the same compared with that of conventional scanning.

Data Acquisition

The experimental data acquisition was performed using a 

SonixTouch Q+® scanner. The elastograms were collected 

using a single focus at a depth of 40 mm from the surface of 

the transducer. The elastography experiments were per-

formed, having the reference layer in between the transducer 

and the agar–gelatin background containing the liver sam-

ple. The compression–relaxation cycles were applied with 

Figure 1. Photos showing (a) ex vivo liver suspended by stitching thread and held in place before agar–gelatin phantom solution is 
poured to surround it and (b) top view of the final liver-embedded Phantom.

Figure 2. Photo of the handheld controlled compression setup 
(side view) along with reference pad.
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freehand, and also automatically with the handheld com-

pression device, and data were acquired for five seconds (50 

frames/s). For each acquisition, elastograms were stored as 

cine loops in the scanner memory.

Five different operators (excluding the authors) were 

instructed to perform elastography experiments using the 

handheld compression device and freehand (i.e., using trans-

ducer only) with the calibrated reference layer placed on the 

top of the phantom (as shown in the Figure 3). In the case of 

freehand compression, the quality indicator on the screen of 

the scanner provided a visual feedback to the operators for 

maintaining a suitable range and uniformity of compression. 

Vascular structures in the liver were avoided during the scan-

ning procedure to make measurements reliable. The above 

experiment was repeated on the same liver sample for five 

times, but at different elevational planes separated by 5 mm, 

to obtain independent realizations. The same experimental 

procedure was followed for imaging all the three different 

liver samples.

Frame Selection Algorithm

From the stored elastography cine loop, good quality 

frame(s) was selected by a frame selection algorithm26 that 

automatically selects a few representative frames for further 

analysis. Previously, the performance of this automated 

algorithm was reported by Chintada et al.,27 where auto-

mated representative frame selections were compared 

against those selected by trained radiologists and found to 

reduce interobserver variations that arise at least partly 

because of the differences in the selection of representative 

frames from a cine loop. Linear elasticity is an implicit 

assumption in the frame selection algorithm. In fact, frame 

selection algorithm may not be affected as long as piecewise 

wise linearity is there, which may be the case at common 

frame rates practiced (>10 frames per seconds).26

Strain Ratio Calculation

From the selected representative elastogram frames, the 

strain values from the reference layer and liver region were 

extracted over the ROI using the built-in software of the 

scanner. The strain distribution within an ROI is often illus-

trated by a color map, where large strain (lower stiffness) is 

indicated in blue and small strain (higher stiffness) in red. 

The strain ratio between two ROIs was then calculated.

When assessing the strain by elastography, the distance 

between the ROI and the transducer was taken into 

account,28-30 as the tissue closest to the transducer receives 

more compression than the tissues further away. The influ-

ence of choosing the position of the ROIs in elastography is 

reported by Nakayama et al.31 The Young’s moduli obtained 

at lateral border of the elastography image are not reliable. 

The strain ratio measurements were therefore obtained rela-

tively close to the center line of the image. Guided by the 

literature, the distance between the ROI and the reference 

layer was kept as constant as possible for all measurements 

for comparison.

Young’s Modulus Estimate from Strain Ratio

The unknown modulus of the liver is estimated after first 

obtaining the phantom-to-reference layer modulus contrast 

using the following relationship32,33:

Figure 3. A photograph of the actual elastography data acquisition set up using Sonix Touch Q+ ultrasound scanner during (a) 
freehand compression and (b) handheld device compression.
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 C C
m s
= −2 1 ,  (1)

where C
s
 is the strain contrast and C

m
 is the corresponding 

modulus contrast. Later, using the known modulus value 

of the reference material (obtained from indentation test-

ing described in the “Measurement of Young’s Modulus 

Using UTM” section), along with the estimated modulus 

contrast, we can obtain the unknown target modulus using 

Equation (2):

 
M

M
C
m

1

2

unknown

known
,

( )
( )

=  (2)

where M
1
 = modulus of the liver (unknown), M

2
 = modulus 

of the reference layer.

Measurement of Young’s Modulus Using UTM

The embedded liver sample was taken out by removing the 

background agar–gelatin material without disturbing the 

needles that were placed as markers for identifying the imag-

ing planes, as shown in Figure 4(a). The liver samples were 

cut into required dimensions as shown in Figure 4(b) using a 

surgical knife along the identified imaging planes. Samples 

were cut such that their height is less than twice their diam-

eter to avoid the buckling effect.34,35

Liver samples were tested by a computer-controlled elec-

tro-mechanical UTM (Jinan TE, China). The 5 kN machine 

is equipped with an extensometer with 50 mm gauge length. 

The load cell measures the test load, and an elastometer mea-

sured the deformation of the specimen. Compression test 

was performed under displacement controlled mode with a 

strain rate of 1 mm/min up to a maximum of 15% strain. All 

samples were preconditioned for five seconds and preloaded 

to 1% of strain (1 mm). This experiment was repeated on five 

different samples from the same liver to measure the modu-

lus value. Young’s modulus was calculated from the slope of 

the linear portion of the loading curve using the least square 

fit. The slope was considered to be linear upto a maximum of 

5% strain.34 The same procedure was followed for calculat-

ing the modulus value of the reference layer.

Figure 5 shows a schematic of the process for comparing 

Young’s modulus measurements obtained from Quasi-static 

ultrasound elastography (freehand and device compression), 

along with the results obtained from UTM testing.

Results

Ex Vivo Experiments

Figure 6 shows the stress–strain plot obtained from UTM for 

one of the liver samples. The modulus values of different 

samples calculated from the slope of the stress–strain curve 

are reported later in Table 1.

Figure 7 compares the quality of the frames in the cine 

loop, which were acquired using freehand compression and 

the handheld device, respectively, for the same liver-embed-

ded phantom. Here, the quality of the frames was determined 

by the frame selection algorithm that was reported in previous 

section. Only those frames that passed the threshold for suffi-

cient compression (0.5%-2%), correlation coefficient (0.8-1), 

and tilt angle (0°-10°) were considered to indicate good qual-

ity and selected by the algorithm. The thresholds were taken to 

be the same as those reported earlier.27,36 It can be inferred 

from Figure 7 that more number of good quality elastograms 

are obtained in the data acquired by handheld device compres-

sion compared with that of freehand elastography.

Figure 8 shows an example of the axial displacement map 

and corresponding strain elastogram selected by the frame 

Figure 4. Image showing (a) the liver sample with needle insertions, which acts as a marker to identify the corresponding imaging 
planes and (b) the samples cut out from the liver for UTM testing. UTM = Universal Testing Machine.
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selection algorithm. It can be noticed that the axial displace-

ment contours are parallel, especially, at shallow depths, 

indicating very little tilt during compression as would be 

expected for the case of uniform applied compression.

Figure 9 shows the screenshot of B-mode image and 

strain elastogram of one imaging plane obtained from free-

hand and handheld compression device, respectively. The 

unknown modulus value of the liver was estimated from the 

strain contrast values taken from the ROI, indicated by red 

box, and using Equation (2). The obtained modulus values 

were compared with the values obtained from UTM experi-

ments and reported in Figures 10 to 12.

Table 1 shows Young’s modulus value obtained from 

UTM (ground truth) and by ultrasound elastography with 

reference layer using freehand compression and handheld 

device compression methods for the three different embed-

ded liver samples. The mean and standard deviation values 

computed over five independent realizations of elastography 

and UTM experiments are reported.

Figures 10 to 12 show the corresponding bar plot of val-

ues tabulated in Table 1 for the different samples, liver 1, 2, 

and 3. It can be observed that the intra- and interoperator 

reproducibility of the liver elasticity also improved when 

using the handheld device. It can be inferred from this result 

that by combining the handheld device along with reference 

layer, the estimated Young’s modulus value approaches very 

close to the ground truth (within 8% error) compared with 

that of results obtained using freehand compression (within 

15% error with respect to ground truth).

Discussion and Conclusion

Quasi-static elastography using external reference layer is 

a reliable and simple technique for the assessment of liver 

Figure 6. The plot of the stress–strain loading curve for one 
liver sample. The linear region is fixed at the initial portion (5% of 
strain), and Young’s modulus was calculated as the slope of this 
linear portion using the least square fit.

Figure 5. A schematic representation of the process for comparing the measurements obtained from quasi-static elastography 
(freehand and handheld device compression) integrated with the reference layer to that of UTM measurements. UTM = Universal 
Testing Machine.
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elasticity. The use of external reference layer integrated 

with a handheld compression device can provide a quanti-

tative measure of liver elasticity. The results suggest that 

the unknown tissue stiffness (goat liver) was estimated 

within an error of 8% in experiments. It is also observed 

from the results shown in Figures 10 to 12 and Table 1 that 

the proposed method has minimal inter- and intraoperator 

variability.

The handheld device essentially takes advantage of two 

aspects: (a) the larger footprint of the compressor plate com-

pared with the transducer footprint and (b) controlled com-

pression. The effect of compressor plate size used for 

providing compression in freehand quasi-static elastography 

has been reported extensively in the literature.37,38 A narrow 

compressor generates strain that is concentrated below the 

compressor and decays rapidly with depth. A compressor of 

lateral and elevational width equal to or greater than the lat-

eral extent of the region imaged is needed to create the most 

homogeneous strain distribution and to maximize the depth 

of stress penetration.39-41 Along with advantage of larger 

compressor plate footprint, the rate and amount of compres-

sion can be controlled by using the proposed device, which 

helps in reducing the interoperator variability in freehand 

elastography. Note that the compressor plate dimension can 

be reduced and refined further based on in vivo clinical 

translation demands.

Regarding the choice of material for the reference layer, 

we initially tried using phantoms made of agar/gelatin mix-

tures. However, the stability and shelf-life of the in-house 

manufactured pad were found to be very limited. Therefore, 

a commercially available standoff pad was tested for its 

potential to serve as the reference material, which was also 

suggested recently by Yamamoto et al.20 The results suggest 

that their Young’s modulus value changed very little over the 

four-month period of testing. Nevertheless, one has to take 

care that the standoff pad is stored and maintained properly. 

If the mechanical properties of the pad change, it will greatly 

affect our results because only the calibrated modulus value 

of the reference pad is considered for the estimation of the 

unknown modulus value.

Although the model proposed in this paper does not 

exactly reflect the complex in vivo imaging conditions, it is 

an initial attempt to demonstrate the development on some 

real tissue instead of just tissue-mimicking phantoms. Thus, 

the experiments on goat liver samples embedded in agar–

gelatin mixtures were meant to be part of preliminary inves-

tigation and on the aspect of having rib cage and other tissue 

types in between are left for future studies. The addition of 

subcutaneous fat and ribs could dampen the stress and may 

contribute to some inaccuracies. Nevertheless, some sugges-

tions from literature42,43 that can be used to improve the qual-

ity of acquisition when translating to in vivo conditions 

where rib cage and other tissue types may be present are 

listed below:

Table 1. The Mean and Standard Deviation Values of the Young’s Modulus of Liver Obtained in Experiments.

            Liver Sample

Operators

Type of 
Compression 

Used

Liver 1
Liver: 12 ± 5.12
(Ground Truth)

Liver 2
Liver: 14 ± 4.45
(Ground Truth)

Liver 3
Liver: 10 ± 4.27
(Ground Truth)

Operator 1 A 17 ± 6.28 18 ± 5.92 16 ± 6.17

B 13 ± 2.33 13 ± 1.68 9 ± 2.83

Operator 2 A 19 ± 4.23 20 ± 3.83 17 ± 4.79

B 14 ± 2.14 14 ± 2.75 12 ± 1.84

Operator 3 A 18 ± 5.49 19 ± 4.90 15 ± 5.63

B 11 ± 1.50 12.5 ± 2.14 11 ± 3.26

Operator 4 A 16.5 ± 4.33 17 ± 3.26 15.5 ± 4.28

B 13 ± 2.75 13 ± 2.17 12.5 ± 2.73

Operator 5 A 18 ± 5.81 18 ± 4.96 18 ± 5.21

B 13 ± 2.57 12 ± 1.75 11 ± 2.64

The Young’s modulus value obtained form UTM for reference layer: 20 ± 1.7 (which is used for calculating unknown modulus). A = estimated modulus 

value from freehand compression (kPa). B = estimated modulus value from handheld compression device (kPa). UTM = Universal Testing Machine.

Figure 7. Total frames in the cine loop acquired using (a) 
freehand compression and (b) handheld device compression. 
Only those frames that passed the threshold for sufficient 
compression, correlation coefficient, and tilt angle were color-
coded as “green” to indicate good quality.
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Figure 9. Screenshot of elastograms from Sonix Touch Q+ ultrasound scanner obtained by (a) freehand compression and (b) handheld 
device compression. The red box on the image represents the ROI from which the strain ratios were computed. ROI = region of interest.

Figure 8. An example frame of (a) axial displacement map and (b) corresponding axial strain elastogram, selected by the frame 
selection algorithm is shown. Notice that the axial displacement contours are mostly parallel to each other as it would be for a uniform 
compression. The frame selection algorithm uses an estimate of the tilt angle from the axial displacement and frame-average axial strain 
as parameters to decide on amount and tilt in compression.
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•• image the right liver lobe through an intercostal space 

(eighth or ninth intercostal space can be selected as 

the scanning site) with the patient supine and the right 

arm elevated to widen the intercostal space;

•• the handheld controlled compression device used here 

needs to impart repeated compression–relaxation to 

the tissue to induce the necessary strain;

•• selecting an ROI that is free from interfering struc-

tures and artifacts;

•• have the patient perform a short breath hold to ensure 

that strain elastography (SE) images are displayed 

consistently.

all the other factors listed in Barr et al.,44 will need to be 

evaluated.

Furthermore, the focus of the paper was to investigate and 

report on an approach using reference layer and controlled 

compression setup to make quasi-static elastography a quan-

titative technique and reduce the inter-/intraoperator vari-

ability. Therefore, the performance of the proposed method 

was not tested for varied range of liver stiffness or other 

abnormal conditions like, for example, steatosis. However, 

in literature, it is suggested that ultrasonic strain elastogra-

phy can be used for quantitative (i.e., strain ratio) assessment 

of the severity of fatty liver.45,46 Proposed method is an 

improvised extension of the strain elastography, and there-

fore, it is reasonable to hypothesize that the proposed method 

will also work equally well at different stiffness value and it 

may also be useful to stage steatosis condition of liver.

Furthermore, it should be noted that in the proposed 

approach, strain contrast is calculated first, followed by cal-

culation of modulus contrast using CTE (i.e., Equation (1)). 

Finally, the quantitative Young’s modulus value is estimated 

using the known modulus values of the reference layer and 

the calculated modulus contrast. Therefore, it is fair to antici-

pate that the strain distribution may change depending on the 

different type of tissues along the compression path. Having 

slip boundary condition at interfaces could be the most 

Figure 10. The mean and standard deviation values of liver 
1 Young’s Modulus values obtained from UTM, freehand 
compression, and handheld device compression of the five 
operators for strain ratio calculated from Scanner software.  
UTM = Universal Testing Machine.

Figure 11. The mean and standard deviation values of liver 
2 Young’s Modulus values obtained from UTM, freehand 
compression, and handheld device compression of the five 
operators for strain ratio calculated from Scanner software.  
UTM = Universal Testing Machine.

Figure 12. The mean and standard deviation values of liver 
3 Young’s Modulus values obtained from UTM, freehand 
compression, and handheld device compression of the five 
operators for strain ratio calculated from Scanner software.  
UTM = Universal Testing Machine.
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challenging of them. However, prior work by our group has 

demonstrated that even in the more complex case of having 

stiff or soft inclusion with slip boundary condition, the error 

in CTE can be made less than 5% by carefully choosing the 

ROI to calculate the strain ratio.47 In comparison with having 

an inhomogeneity with slip boundary condition, the estima-

tion in liver target should be less error prone due to it being 

more homogeneous compared with a lesion in a background 

case. Also, Equation (1) assumes linear elasticity,32,33 which 

is a fundamental aspect in quasi-static elastography and 

may be acceptable as long as the compression is within a 

small strain range. This condition will probably be satisfied 

because the image quality will also be good only in the 

small strain range (~0.5%-2%) dictated by the strain filter 

concept. Nevertheless, the applicability of Equation (1) in 

complex scenarios will have to be paid more attention in 

future while clinically translating this approach.

Other quantitative methods include TE and SWE, which 

are available already in clinical practice. However, there 

seems to be an issue with measurement variation from 

scanner to scanner that is still being addressed for liver 

imaging.10,48 Furthermore, these methods need a dedicated 

high-end scanner system.11,49 One of the major advantages of 

the proposed approach is that it can be easily used with a stan-

dard ultrasound scanner having elastography software and a 

calibrated reference layer that is commercially available. 

Furthermore, we standardized the scanning procedure for 

quantitative quasi-static elastography by providing controlled 

and precise compression using handheld controlled compres-

sion device. It would be interesting to compare the proposed 

methodology with TE and SWE (state of the art) through an 

in vivo clinical study, which is left for future work.

There are several methods reported in the literature that 

seeks to estimate the modulus image from displacement and 

strain data from axial and lateral directions using inverse 

reconstruction techniques.50 It is possible that some of the 

simple inverse reconstruction methods that are real time can 

be adopted for the case considered. In general, the accuracy, 

robustness, and speed of inverse reconstruction improve with 

better quality input estimates of axial and lateral displace-

ment data.50 Recently, there have been many methods pro-

posed to obtain better quality lateral displacement estimates 

in elastography.18,51-53 We are currently investigating on com-

bining the reference layer methodology and inverse recon-

struction approach having access to better quality lateral 

displacement estimates, and compare it with the simple 

approach proposed here.
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