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Abstract—Chronic liver disease (CLD) is currently a major cause of death. Ultrasound elastography (USE) is
an imaging method that has been developed for CLD assessment. Our aim in the study described here was to
evaluate and compare a new commercial variant of USE, sound touch elastography (STE), with already estab-
lished USE methods, shear wave elastography (SWE) and vibration-controlled transient elastography (VCTE),
using liver biopsy as the “reference standard.” For our study, 139 consecutive patients underwent standard
liver STE, SWE and VCTE examinations with the corresponding ultrasound devices. A receiver operator char-
acteristic (ROC) curve analysis was performed on the stiffness values measured with each method. ROC analy-
sis revealed, for SWE, STE and VCTE, areas under the ROC curve of 0.9397, 0.9224 and 0.9348 for fibrosis
stage (F), F � F1; 0.9481, 0.9346 and 0.9415 for F � F2; 0.9623, 0.9591 and 0.9631 for F � F3; and 0.9581,
0.9541 and 0.9632 for F = F4, respectively. In conclusion, STE performs similarly to SWE and VCTE in CLD
stage differentiation. (E-mail: p.zoumpoulis@echomed.gr) © 2020 The Author(s). Published by Elsevier Inc.
on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article under the
CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Chronic liver disease, Fibrosis, Sound touch elastography, Shear wave elastography, Vibration-
controlled transient elastography.
INTRODUCTION

Chronic liver disease (CLD) is responsible for approx-

imately 2 million deaths per year worldwide, of which

1 million are owing to complications of cirrhosis and

1 million are owing to viral hepatitis and hepatocellu-

lar carcinoma (HCC). Cirrhosis and liver cancer

combined account for 3.5% of all deaths worldwide

(Asrani et al. 2019). As most causes of CLD are pre-

ventable, there is an important opportunity to improve

public health by improving the diagnostic accuracy of

CLD assessment.

CLD may be caused by viruses, mainly hepatitis

B virus (HBV) or hepatitis C virus (HCV), and by

excessive alcohol consumption. Bad nutrition habits
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can lead to non-alcoholic fatty liver disease (NAFLD)

and steatohepatitis (NASH), which are the most fre-

quent types of CLD in Western countries. Rarer CLD

subtypes include autoimmune hepatitis (AIH); pri-

mary biliary cholangitis (PBC), previously referred as

primary biliary cirrhosis; secondary biliary cholangi-

tis; primary sclerosing cholangitis; and Wilson’s dis-

ease (Friedman and Martin 2017).

CLD causes constant liver tissue injury and inflam-

mation that leads to the development of fibrosis and, at

the end stage of the disease, cirrhosis. Cirrhosis leads to

liver failure and, in many cases, to HCC development

and death. Evidence provided by recent published data

indicates that successful treatment of CLD may result in

fibrosis regression (Parola and Pinzani 2019). It is there-

fore important to monitor progress or regression of

hepatic fibrosis to validate the effectiveness of different

therapeutic protocols.
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To recommend appropriate patient management,

the etiology, stage and activity of CLD should be diag-

nosed accurately. Liver biopsy (LB) is still considered

the “reference standard” for CLD assessment. LB is the

only diagnostic method that can identify certain CLD

subtypes, such as NASH and autoimmune hepatitis, and

determine CLD activity. Regarding CLD staging, LB

diagnosis involves the use of fibrosis severity classifica-

tion systems such as the Ishak and Metavir. The Metavir

classification system, the most widely used, is a five

fibrosis stage (F) scale, ranging from F0�F4 (F0 = no

fibrosis, F1= mild fibrosis, F2 = significant fibrosis,

F3 = severe fibrosis, F4 = cirrhosis) (Goodman 2007).

Although LB serves as reference standard, it has serious

limitations. It is invasive and expensive, and nearly 30%

of patients suffer post-procedural side effects, such as

substantial pain, pneumothorax, bleeding, infection, sep-

ticemia, biloma, hemobilia and accidental injury to adja-

cent structures and biliary peritonitis. In rare cases, even

death may occur (<1%) (Gilmore et al. 1995; Carey and

Carey 2010). Furthermore, liver fibrosis is not uniformly

distributed, and as the needle biopsy provides a very

small volume of tissue (1/50,000th of the total mass of

the liver), biopsy sample variability is common (Carey

and Carey 2010).

The need to overcome LB limitations has led to the

employment of a series of non-invasive approaches to

CLD assessment. These include blood serum markers

(BSMs) and various imaging modalities, such as com-

puted tomography (CT), magnetic resonance imaging

(MRI) and ultrasound (US). BSMs and CT perform ade-

quately in estimating significant fibrosis (F � F2) and

cirrhosis (F4), but fail in assessing early stages of the dis-

ease (Romero-G�omez et al. 2008; Carey and Carey 2010;

Mart�ınez et al. 2011; Frulio and Trillaud 2013). US B-

mode, on the other hand, recognizes only diffuse abnor-

malities (Sanford et al. 1985) and the absence of cirrho-

sis (Harbin et al. 1980; Giorgio et al. 1986).

Regarding MRI, a new but very promising contem-

porary imaging technique, magnetic resonance elastog-

raphy (MRE), exhibits great accuracy at all stages. MRE

has also exhibited fibrosis heterogenicity through the

liver as it has provided significantly different stiffness

values in different liver segments (Akkaya et al. 2018).

Although MRE is very accurate, it is costly and requires

further validation (Huwart et al. 2008; Carey and Carey

2010; Akkaya et al. 2018).

Ultrasound elastography (USE) is a new US-based

method introduced during the last two decades that con-

tributes to CLD diagnosis by correlating fibrosis to liver

tissue stiffness. Many USE variants, based on different

technologies, are commercially available and include

vibration-controlled transient elastography (VCTE),

widely known as Fibroscan, acoustic radiation force
impulse (ARFI) elastography, real-time elastography

(RTE) and shear wave elastography (SWE). Most of

these methods provide quantitative stiffness measure-

ments for CLD stage estimation. All clinical studies

employing USE are based on optimum, usually LB-vali-

dated, stiffness cutoff values that correspond to fibrosis

stages (Ferraioli et al. 2012, 2015; Bamber et al. 2013;

Cosgrove et al. 2013; Bota et al. 2013, 2015; Frulio and

Trillaud 2013; Deffieux et al. 2015; Gerber et al. 2015;

Kobayashi et al. 2015; Li [Mindray Bio-Medical Elec-

tronics Co. Ltd] 2015; Dietrich et al. 2017; Herrmann

et al. 2018; Ren et al. 2018).

VCTE carried out with the Fibroscan US device

(Echosens, Paris, France) is the first and most validated

technique utilized for liver fibrosis estimation. VCTE

performs well on advanced fibrosis stages (F � F2, F �
F3, F = F4), and its mean diagnostic accuracy has an area

under the curve (AUC) value of 0.85, with an average

sensitivity of 0.78 and specificity of 0.79 (Talwalkar

et al. 2007; Vizzutti et al. 2009; Tsochatzis et al. 2011;

Bota et al. 2013; Chung et al. 2013; Frulio and Trillaud

2013). Various studies have reported good intra- and

inter-observer agreement for VCTE (Talwalkar et al.

2007; Vizzutti et al. 2009). Although accurate in estima-

tion of advanced fibrosis stages, VCTE suffers from

overlap between optimum fibrosis stage cutoff values in

several studies. Furthermore, VCTE is less accurate in

assessing early stages of the disease. Another elastogra-

phy technique, acoustic radiation force impulse (ARFI)

elastography, presented by SIEMENS, is equivalent in

performance to VCTE (mean AUC value: 0.85), with

similar limitations regarding the stiffness optimum cut-

off overlap (Bota et al. 2013; Chung et al. 2013). Simi-

larly, Hitachi’s elastographic approach, RTE, reaches a

mean AUC of 0.85, average sensitivity of 0.83 and speci-

ficity of 0.77 for significant fibrosis (F � F2) (Chung

et al. 2013; Bota et al. 2015; Kobayashi et al. 2015).

According to meta-analyses, RTE is useful only in visu-

alizing tissue stiffness differences subjectively, but does

not provide a stiffness measurement that would result in

quantified CLD stage information (Bota et al. 2015;

Kobayashi et al. 2015). Supersonic Imagine (Aix-en-Pro-

vence, France) is one of the manufacturers that provide

real-time 2-D elasticity imaging, as well as stiffness

quantification. Other variants of 2-D-SWE are provided

by other commercial alternatives. SWE, therefore, con-

trary to other methods that do not apply 2-D elasto-

graphic imaging, provides the examiner with an

opportunity to choose a region of interest. Although it

has high classification rates (mean AUC values of 0.81

for fibrosis stage (F) � F1 and 0.86 for F � F2), SWE

has several limitations such as stiffness cutoff threshold

variability between different studies and challenges in

recognizing and avoiding artifacts and noise areas, as
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well as uncertainties in the selection of the optimum

quantification region (Ferraioli et al. 2012, 2015; Bam-

ber et al. 2013; Sporea et al. 2014; Gerber et al. 2015;

Cosgrove et al. 2013; Bota et al. 2015; Deffieux et al.

2015; Dietrich et al. 2017; Sigrist et al. 2017; Herrmann

et al. 2018).

Motivated by 2-D elastographic imaging’s strengths

and its popularity among radiologists, other manufac-

turers, such as Toshiba, GE, Philips and Mindray, have

developed and incorporated similar techniques into their

US systems (Dietrich et al. 2017). These techniques dif-

fer with respect to the details of each method and require

validation to be considered established. Toshiba, Philips

and Mindray seem to have implemented methods similar

to Siemens’s conventional ARFI pushing technique. A

recent study by Gress et al. (2019) on healthy volunteers

at various measurement depths revealed that different

SWE technological implementations, such as the Sie-

mens Acuson S3000, GE LOGIQ E9, Philips EPIQ7 and

Toshiba Aplio 500 (Version 6), are equivalent in perfor-

mance. Mindray employs a new technology to provide

real-time stiffness imaging. An acoustic radiation force-

based US pulse is used to generate shear waves.
Fig. 1. Flowchart of patien
Subsequently, the shear wave propagation is tracked by

the system to detect and record the induced tissue dis-

placements. The shear wave propagation speed and elas-

tic modulus are then calculated in different positions to

form a full elasticity image. For this procedure to be pos-

sible in real time, Ultra-wide Beam Tracking Imaging

signal receiving technology is employed. This technol-

ogy achieves shear wave signal sampling up to 10 kHz

per frame within areas from 0.2�40 mm wide in one

shot. The necessary data are captured in less than several

tenths of a millisecond (Li [Mindray Bio-Medical Elec-

tronics Co. Ltd] 2015). This technique employed on the

Resona 7 system is commercially known as sound touch

elastography (STE). To date, the number of clinical stud-

ies that have reported on and evaluated STE performance

on various organs and pathologies is limited (Dong et al.

2019; Zhang et al. 2018); there are few published studies

concerning STE performance in CLD fibrosis stage eval-

uation (Li et al. 2018; Ren et al. 2018). Li et al. (2018)

compared the performance of STE and MRE on 33 rab-

bit livers and obtained similar results for the two modali-

ties. In a recent study, Ren et al. (2018) compared the

diagnostic performance of Mindray’s STE and sound
t eligibility process.



Table 1. Baseline characteristics of patients who participated
in the study

Age (y) 60.67 (22�89)
Sex
Male 80 (57.55%)
Female 59 (42.45%)

Body mass index (kg/m2) 26.72 § 5.77
Diagnosis
Chronic hepatitis B 20 (14.39%)
Chronic hepatitis C 22 (15.83%)
Alcoholic liver disease 14 (10.07%)
NAFLD 29 (20.86%)
Autoimmune hepatitis 18 (12.95%)
Primary biliary cholangitis 6 (4.32%)
Other 30 (21.58%)

Fibrosis stage (METAVIR)
F0 28 (20.14%)
F1 46 (33.09%)
F2 12 (8.63%)
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touch quantification methods, along with VCTE, in 158

patients with HBV obtaining accuracies of 87.0, 65.1

and 64.8, respectively, for F � F2 fibrosis stage differen-

tiation.

We decided to perform this study, first, because

STE introduces a new technological approach in shear

wave elastographic imaging that, because of the different

physics principles involved, may be more accurate in

stiffness estimation compared with other elastographic

approaches. Furthermore, there is a lack of information

on STE performance in CLD diagnosis, and access to

multiple competitive US systems as well as significant

CLD patient examination flow provided us with an

opportunity to compare the performance of STE, SWE

and VCTE using LB as the reference standard.
F3 21 (15.11%)
F4 32 (23.02%)

NAFLD = non-alcoholic fatty liver disease.

METHODS

Clinical data

Between September 2017 and January 2019, 168

patients (91 men and 75 women) were processed for the

purpose of this prospective study. Their mean age was

60 § 14.27 and their ages varied between 22 and 89.

Twenty-nine patients were excluded from the study for

having at least one of the following exclusion criteria: 4

did not sign the informed consent form, 6 had undergone

a LB more than 6 mo before or after their SWE/STE/

VCTE examination; for 12 patients, the examiner was

unable to acquire a good acoustic window with at least

one of the devices; and for 7 patients, the examiner was

unable to acquire a reliable elastogram with at least one

of the STE/SWE devices, using the manufacturers’ reli-

ability criteria described in more detail below. Figure 1

is a flowchart of the exclusion process. Of the remaining

139 patients (80 men and 59 women) with a mean age of

60.67 y, who were examined and analyzed, 28 were nor-

mal (F0) and 111 had CLD (46 F1, 12 F2, 21 F3 and 32

F4). In detail, 20 had HBV, 22 HCV, 14 alcoholic liver

disease, 29 NAFLD, 18 AIH, 6 PBC and 30 with other

CLD etiology. All clinical and histologic data from this

study are summarized in Table 1. Normal patients (F0)

comprised healthy volunteers of any age and sex with a

clear clinical history regarding CLD absence, normal

biochemical markers and normal liver findings in the US

examination. Their VCTE and SWE measurements were

within the normal stiffness value range (4.4�5.5 kPa for

both TE and SWE/STE methods) provided by the Euro-

pean Federation of Societies for Ultrasound in Medicine

and Biology (EFSUMB) guidelines (Dietrich et al.

2017). Patients with CLD (F1�F4), were validated by

liver biopsy and histologic examination by a senior

histopathologist with extensive experience in liver his-

tology, who was unaware of the SWE, STE and VCTE

measurements. The SWE, STE and VCTE examinations
were performed on the right lobe of each patient’s liver

according to EFSUMB guidelines (Dietrich et al. 2017).

The World Federation for Ultrasound in Medicine and

Biology (WFUMB) has also published recommendations

regarding the use and performance of the various elasto-

graphic techniques. With respect to the procedure for

VCTE and SWE/STE examinations, both EFSUMB and

WFUMB guidelines concur on examination procedure

details, such as number of measurements for each tech-

nique and patient fasting before examination (Ferraioli

et al. 2015, 2018; Dietrich et al. 2017). The potential risk

of examiners being biased by dependence of the STE/

SWE measurements on the order of examinations was

limited by randomly setting the order of the examina-

tions with the two US systems. Although a lack of regis-

tration between LB samples and elastographic

measurements exists, LB is considered the reference

standard because a uniform distribution of fibrosis

throughout the liver is assumed in all imaging studies

correlating LB and stiffness measurements. This study

was conducted in accordance with the ethical guidelines

of the Helsinki Declaration and was approved by our

institutional review board; written informed consent was

obtained from all patients participating in the study.

Exclusion criteria

The criteria for exclusion from the study included

unwillingness to participate in the study or to provide

informed consent, absence of LB or LB performed more

than 6 mo before or after the SWE/STE/VCTE examina-

tion, absence of either SWE/STE/VCTE examinations or

an time interval longer than 6 mo between them and evi-

dence of HCC. Finally, inability to obtain a clear acoustic

window during the SWE/STE examination and absence
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of acceptable reliability criteria, provided by the manufac-

turers of the systems, were also exclusion criteria.

Examination protocol

A regular B-mode and color/power Doppler US

abdominal examination was performed on each patient

by two expert radiologists (EFSUMB experience level 3)

having at least 10 y of experience in VCTE and SWE

and 1 y of experience in STE in the liver. The SWE

examination was performed on the Aixplorer US system

(Supersonic Imagine, Aix-en-Provence, France) with an

SC6-1 curvilinear transducer, and STE examination was

performed on the Resona 7 US system, using a convex

SC5-1 U transducer. The SWE and STE examinations

were performed on the same day for each patient by the

two examiners. VCTE examination was performed in

two medical centers and differed no more than 1 mo in

time from the SWE/STE examinations. The VCTE

examination results were sent to our medical center

where the median of 10 measurements and inter-quartile

range (IQR) were stored for processing. For the SWE/

STE examination, after establishing a good acoustic win-

dow, the examiner activated the elastography mode and

waited for the elastogram to be stable for five consecu-

tive frames To ensure the quality of measurements with

both SWE and STE, the reliability (RLB) map and

motion stability (M-STB) index for the Resona 7’s STE

and the stability index (SI) for Supersonic Imagine’s

SWE were used (Fig. 2), according to the corresponding

manufacturer’s guidelines. In detail, Resona 7 offers two

reliability indexes, the M-STB index and the RLB map.

The M-STB helps to monitor the degree of motion inter-

ference, which may be induced by patient respiration or

movement of the transducer in real time. A low star
Fig. 2. Indicative images of sound touch elastography and shea
marked in orange ellipses. Left: Sound touch elastography with

wave elastography wit
number (<4) indicates the motion interference is high,

and a high star number (�4) indicates the motion inter-

ference is low or does not exist. To assist the user, the

low star number is associated with the color orange, and

the high star number with the color green. An M-STB

index that is green for several consecutive frames indi-

cates that the shear wave elastogram is stable. The RLB

map is related to the STE shear wave intensity and indi-

cates the areas in which a reliable measurement is possi-

ble with the color green; areas associated with unreliable

measurements are purple colored. Each STE measure-

ment was taken by avoiding purple areas on the RLB

map and ensuring at least four green stars in the five-star

stability index.

The Aixplorer system offers a measurement stabil-

ity index, which is derived from the spatial and temporal

stiffness stability of the circular region of interest (ROI)

(Qbox), used to perform the SWE measurement. Each

SWE measurement was taken at a stability index >90%.

The median value of 5 SWE/STE measurements

(derived from 5 different SWE/STE frames) and of 10

VCTE measurements was calculated and saved for fur-

ther analysis. The number of measurements for each

technique used in this study is recommended by both

EFSUMB and WFUMB guidelines (Ferraioli et al. 2015,

2018; Dietrich et al. 2017). An IQR to median ratio

(IQR/M) <30% ensured measurement reliability for all

elastography systems used in this study. All measure-

ments in all devices used in this study were calculated in

kilopascals using Young’s modulus.

Statistical analysis

The SWE/STE and VCTE measurements were

archived, and a receiver operating characteristic (ROC)
r wave elastography methods with their reliability indices
reliability map and motion stability index. Right: Shear

h stability index.



Table 2. ROC analysis results for F � F1

Method SWE STE VCTE

Area under ROC curve 0.9397 0.9224 0.9348
Sensitivity 0.8627 0.8431 0.9216
Specificity 0.8649 0.8378 0.7838
Balanced accuracy 0.8638 0.8405 0.8527
Accuracy 0.8633 0.8417 0.8849
Threshold, cutoff value (kPa) 7.05 7.15 6.2

ROC = receiver operating characteristic; STE = sound touch elastog-
raphy; SWE = shear wave elastography; VCTE = vibration-controlled
transient elastography.

Table 3. ROC analysis results for F � F2
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analysis was performed (Lasko et al. 2005) using LB

fibrosis stages (Metavir) as the reference standard, to cal-

culate the optimum cutoff values for CLD stage differen-

tiation. Optimum cutoffs are defined as stiffness values

that correspond to points on the ROC curve with mini-

mum distance from the point (0,1). Additionally, intra-

observer variability was assessed for each examiner, and

inter-observer variability was assessed for each patient,

using the intra-correlation coefficient (ICC) for pairs of

measurements made by the two examiners. Inter-device

variability was calculated for each patient and the first

examiner for each pair of systems (SWE�VCTE,

STE�VCTE and SWE�STE).
Method SWE STE VCTE

Area under ROC curve 0.9481 0.9346 0.9415
Sensitivity 0.8533 0.8533 0.8800
Specificity 0.9375 0.8750 0.9063
Balanced Accuracy 0.8954 0.8642 0.8931
Accuracy 0.8921 0.8633 0.8921
Threshold, cutoff value (kPa) 8.3 8.0 7.6

ROC = receiver operating characteristic; STE = sound touch elastog-
raphy; SWE = shear wave elastography; VCTE = vibration-controlled
transient elastography.
RESULTS

The data collected from the US examinations were

used to perform an ROC analysis to calculate metrics

such as sensitivity, specificity, area under the ROC curve

(AUC), accuracy and, therefore, the best cutoff values

for each technique (SWE, STE, VCTE). For the ROC

analysis, LB was used as the reference standard. SWE,

STE and VCTE measurements were also used to assess

inter-observer, intra-observer and inter-device variability

via the ICC, Pearson correlation and Bland�Altman

plots (Bland and Altman 1999).
Table 4. ROC analysis results for F � F3

Method SWE STE VCTE

Area under ROC curve 0.9623 0.9591 0.9631
Sensitivity 0.9298 0.9474 0.9123
Specificity 0.8902 0.9390 0.9390
Balanced accuracy 0.9100 0.9432 0.9257
Accuracy 0.9065 0.9424 0.9281
Threshold, cutoff value (kPa) 8.7 9.05 8.8

ROC = receiver operating characteristic; STE = sound touch elastog-
raphy; SWE = shear wave elastography; VCTE = vibration-controlled
transient elastography.
ROC analysis

ROC analysis was performed to calculate the opti-

mum cutoff values for the three techniques (STE, SWE,

VCTE) for the following binary classifications of CLD

staging: F � F1, F � F2, F � F3 and F = F4. In the case

of F � F1, VCTE achieved the highest accuracy of the

three techniques with a value of 0.8849. SWE and STE

achieved accuracies of 0.8633 and 0.8417, respectively.

The highest AUC value achieved was 0.9397 by SWE,

while VCTE had an AUC a value of 0.9348. STE had an

AUC value of 0.9224. The cutoff values for VCTE,

SWE and STE are 6.2, 7.05 and 7.15 kPa, respectively.

In the classification of F � F2, SWE and VCTE achieved

the highest accuracy, which was the same for both tech-

niques, 0.8921. STE achieved a value of 0.8633. The

AUC value of SWE was 0.9481. VCTE and STE had

AUC values of 0.9415 and 0.9346, respectively. The

threshold values for VCTE, SWE and STE were 7.6, 8.3

and 8.0 kPa, respectively. In the case of F � F3, STE

had the highest accuracy of the three techniques, 0.9424.

VCTE followed with an accuracy of 0.9281, and SWE,

with 0.9065. VCTE achieved an AUC value of 0.9631

and was followed by SWE and STE with values of

0.9623 and 0.9591, respectively. The threshold values

for this classification for VCTE, SWE and STE were 8.8,

8.7 and 9.05 kPa, respectively. In the last classification

of F = F4, VCTE had the highest accuracy, 0.9281. SWE
achieved an accuracy of 0.9209, and STE, 0.9137. The

AUC values of VCTE, SWE and STE were 0.9632,

0.9581 and 0.9541, respectively. The cutoff values for

VCTE, SWE and STE were 10.6, 10.5 and 11.05 kPa.

AUC, accuracy and threshold values for each technique,

along sensitivity, specificity and balanced accuracy, are

outlined in detail in Tables 2, 3, 4 and 5 and Figure 3.

Inter- and intra-observer variability

The results of the inter-observer variability analysis

are outlined in Table 6 and illustrated in Figure 4. SWE

had a mean inter-observer variability of �0.52 (standard

deviation [SD] = 2.54) kPa, and STE, a mean value of

0.1 (SD = 1.57) kPa. The ICC was 0.9610 for SWE and

0.98 for STE. The results for intra-observer variability

analysis are outlined in detail in Tables 7 and 8. SWE

had mean intra-observer variability values of �0.01 and



Table 5. ROC analysis results for F = F4

Method SWE STE VCTE

Area under ROC curve 0.9581 0.9541 0.9632
Sensitivity 0.9286 0.9286 0.9286
Specificity 0.9175 0.9072 0.9278
Balanced accuracy 0.9230 0.9179 0.9282
Accuracy 0.9209 0.9137 0.9281
Threshold, cutoff value (kPa) 10.5 11.05 10.6

ROC = receiver operating characteristic; STE = sound touch elastog-
raphy; SWE = shear wave elastography; VCTE = vibration-controlled
transient elastography.

Fig. 3. Receiver operating characteristic (ROC) analysis for sh
raphy (STE, blue) and vibration-controlled transient elastograp

black circles for F � F1 (a), F � F2 (b), F � F
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�0.02 for the first and second examiners, respectively.

STE had values of 0.56 and �0.27 for the first and sec-

ond examiners, respectively. The SD of SWE variability

was 0.73 for the first examiner and 2.6 for the second

examiner. The SD of STE variability was 1.33 for the

first examiner and 2.31 for the second examiner. The

ICC for SWE was 0.99 for the first examiner and 0.97

for the second examiner. For STE, the ICC was 0.95 for

the first examiner and 0.97 for the second examiner.
Inter-device variability

Inter-device variability analysis was performed on

pairs of US devices produced by different manufacturers,
ear wave elastography (SWE, red), sound touch elastog-
hy (VCTE, green) with optimum cutoff points marked in
3 (c) and F = F4 (d). LB = liver biopsy.



Table 6. Inter-observer variability-related results for SWE and
STE measurements*

Inter-observer variability (observer 1, observer 2)

Method SWE STE

Mean(M1 �M2) (kPa) �0.52 0.1
SD(M1 �M2) (kPa) 2.54 1.57
Intra-class correlation coefficient 0.9610 0.98
Pearson’s correlation coefficient 0.99 0.99
Slope of least squares 1.2 0.95

M1 = measurement from radiologist 1; M2 = measurement from radi-
ologist 2; SD = standard deviation; SWE = shear wave elastography;
STE = sound touch elastography.

* Mean(M1 � M2) and SD(M1 � M2) are the mean and SD values
of the subtraction of measurements of observer 1 and observer 2 for
each patient on each device.

Fig. 4. (a,b) Shear wave elastography Bland�Altman (a) and least-squares line (b) plots. (c,d) Sound touch elastography
Bland-Altman (c) and least-squares line (d) plots. Measurements were made to assess the inter-observer variability of

each elastography method. ICC = intra-class correlation coefficient; STD = standard deviation.

Table 7. Intra-observer variability-related results for SWE and
STE measurements*

Intra-observer variability (observer 1)

Method SWE STE

Mean (M1 �M2) (kPa) �0.01 0.56
SD(M1 �M2) (kPa) 0.73 1.33
Intra-class correlation coefficient 0.99 0.95
Pearson’s correlation coefficient 1 0.99
Slope of least squares 0.99 0.89

M1 = measurement 1 from radiologist 1; M2 = measurement 2 from
radiologist 1; SD = standard deviation; SWE = shear wave elastogra-
phy; STE = sound touch elastography.
* Mean(M1-M2) and SD(M1-M2) are the mean and SD values of the

subtraction of the two measurements of observer 1 on each device.
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Table 8. Intra-observer variability-related results for SWE and
STE measurements*

Intra-Observer variability (observer 2)

Method SWE STE

Mean(M1 �M2) (kPa) �0.02 �0.27
SD(M1 �M2) (kPa) 2.6 2.31
Intra-class correlation coefficient 0.97 0.97
Pearson’s correlation coefficient 0.99 0.99
Slope of least squares 1.06 1.06

M1 = measurement 1 from radiologist 2; M2 = measurement 2 from
radiologist 2; SD = standard deviation; SWE = shear wave elastogra-
phy; STE = sound touch elastography.

* Mean(M1-M2) and SD(M1-M2) are the mean and SD values of the
subtraction of the two measurements of observer 2 on each device.
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each representing one of the three techniques (VCTE,

SWE or STE). The mean inter-device variability of the

SWE�VCTE pair was 0.32 kPa; that for the

STE�VCTE pair, 0.3 kPa; and that for the SWE�STE

pair, 0.02 kPa. The SDs of the three pairs SWE�VCTE,

STE�VCTE and SWE�STE were 3.28, 3.81 and 3.35

kPa, and the ICC values were 0.92, 0.88 and 0.91,

respectively. The results of the inter-device variability

analysis are outlined in Table 9 and illustrated in

Figure 5.

In Figure 6 are the stiffness values of each technique

per fibrosis Metavir stage as measured in our study. The

box indicates the IQR (second and third quartiles), the

black line within the box indicates the median value, the

black whiskers below and above the box indicate the first

and fourth quartiles, respectively, and the black dots below

or above the whiskers represent outliers.
DISCUSSION

In the study described here, STE, SWE and VCTE

were compared with respect to their performance in
Table 9. Inter-device variability-related results for SWE-
VCTE, STE-VCTE and SWE-STE measurements*

Method pair

SWE�VCTE STE�VCTE SWE�STE

Mean(D1 � D2) (kPa) 0.32 0.3 0.02
SD(D1 � D2) (kPa) 3.28 3.81 3.35
Intra-class correlation
coefficient

0.92 0.88 0.91

Pearson’s correlation
coefficient

0.97 0.96 0.97

Slope of least squares 0.92 1 0.81

D1 =measurement from device 1; D2 =measurement from device 2;
SD = standard deviation; STE = sound touch elastography; SWE= shear
wave elastography; VCTE= vibration-controlled transient elastography.

* Mean(D1 � D2) and SD(D1 � D2) are the mean and SD values of
the subtraction of measurements in device 1 and device 2 for each
patient from the same examiner.
CLD assessment. One hundred thirty-nine consecutive

LB-validated patients were examined with all three

methods, and ROC analysis was performed along with

inter-observer and inter-device analyses. SWE, STE and

VCTE achieved accuracies of 0.8633, 0.8417 and 0.8849

for F � F1; 0.8921, 0.8633 and 0.8921 for F � F2;

0.9065, 0.9424 and 0.9281 for F � F3; and 0.9209,

0.9137 and 0.9281 for F = F4, respectively. These results

indicate that all systems perform similarly in CLD diag-

nosis at each stage. They also perform better as fibrosis

stage rises. Although SWE and STE provide 2-D stiff-

ness visualization combined with US B-mode imaging

for anatomic information, they are not superior in perfor-

mance to VCTE, which provides a median value of 10

blind measurements. This may indicate that the selection

of ROI in SWE and STE does not affect diagnostic per-

formance but may affect the number of successful meas-

urements, as areas that are avoided by SWE or STE

measurements are not detected by the VCTE examiner.

Regarding the inter-observer variability study, SWE and

STE achieved ICCs of 0.9610 and 0.98, respectively,

indicating that both SWE and STE provide excellent

inter-observer agreement. With respect to the inter-

device variability study, the pairs SWE�VCTE,

STE�VCTE and SWE�STE achieved ICCs of 0.92,

0.88 and 0.91, respectively, indicating that there is also

excellent inter-device agreement for each pair of devi-

ces. As illustrated in Figure 6, in stages F0�F3 stages,

the third and fourth quartiles of STE values are a little

higher than those of SWE, and the third and fourth quar-

tiles of SWE values are higher than those of VCTE. This

is also observed in the difference in cutoff values

between devices, as the SWE and STE cutoffs are »1

kPa higher than the VCTE cutoffs in early fibrosis

stages. In the literature, differences not always following

the same pattern also occur between SWE and VCTE in

various studies, as reported in a recently published

review (Sigrist et al. 2017). An overlap between fibrosis

stages defined by stiffness cutoff values of different elas-

tographic methods is also observed in the literature and

in our results. Despite the high accuracies that all meth-

ods achieve, it should be mentioned that the overlap

between stiffness values of consecutive fibrosis stages is

significant, as illustrated in Figure 6. Our ROC analysis

involved only binary classification fibrosis stage groups

(e.g., F � F2 is F0�F1 vs. F2�F4 groups), and therefore,

the binary diagnosis estimation is aided by the lowest

stages of the first group and highest stages of the second

group.

In studies that have evaluated the performance of

SWE, STE and VCTE, similar results have been

obtained. Ren et al. (2018) obtained a similar accuracy

(0.87) in STE’s F � F2 differentiation performance,

while the corresponding accuracy for VCTE was



Fig. 5. (a,b) SWE�VCTE Bland�Altman (a) and least-squares line (b) plots. (c,d) STE�VCTE Bland�Altman (c) and
least-squares line (d) plots. (e,f) SWE�STE Bland�Altman (e) and least-squares line (f) plots. Measurements were
made to assess inter-device variability. ICC = intra-class correlation coefficient; STD = standard deviation; SWE = shear

wave elastography; STE = sound touch elastography; VCTE = vibration-controlled transient elastography.
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Fig. 6. Box plots of stiffness values (y-axis) for each fibrosis stage (x-axis) and ultrasound device.
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significantly lower (0.648); the performance of STE in

other fibrosis stage classes was not evaluated. Most other

studies (Talwalkar et al. 2007; Vizzutti et al. 2009; Tso-

chatzis et al. 2011; Ferraioli et al. 2012, 2015; Bamber

et al. 2013; Bota et al. 2013, 2015; Chung et al. 2013;

Cosgrove et al. 2013; Hong et al. 2014; Sporea et al.

2014; Deffieux et al. 2015; Gerber et al. 2015; Kobaya-

shi et al. 2015; Sigrist et al. 2017; Herrmann et al. 2018)

obtained similar results for the performance of SWE and

VCTE for the various fibrosis stage classes.

To the best of our knowledge, this is the first study

to compare STE performance with that of known and

established US elastographic techniques such as SWE

from Supersonic Imagine and VCTE (Fibroscan) from

Echosens in CLD assessment.

The fact that all patients underwent processing and

SWE and STE examinations in a single clinic limits gen-

eralization of the results. VCTE measurements were per-

formed at two other remote medical centers, but only one

radiologist took measurements on each patient, and there-

fore, inter-observer analysis of VCTE measurements was

not possible. The relatively small sample size did not per-

mit an ROC analysis for each CLD subtype. Also, the

sample was not equally distributed among the fibrosis

stages; in particular, our F2 group consisted of only 12

patients. This may have significantly affected the calcula-

tion of cutoff values. There may exist a potential, but not

probable, difference between the LB-estimated fibrosis

stage of a patient and his or her stage when STE, SWE

and VCTE examinations were performed. Usually, CLD

progresses at a slow rate, takes many years to develop

into fibrosis and, if unopposed, cirrhosis. A number of
studies have reported that progression from one stage to

another may take even decades (Pinzani et al. 2001; Poy-

nard et al. 2003). To establish a desirable number of

patients but minimize the possibility that a fibrosis

patient’s stage (estimated by LB) has progressed signifi-

cantly when examined with elastographic methods and

vice versa, we used an interval of 6 mo, which is arbitrary

but probably safe for fibrosis stage non-progression. Our

previously published studies made the same assumption

(Gatos et al. 2016, 2017, 2019). Moreover, in this study,

indices that are related to the reliability criteria of STE/

SWE manufacturers (STE’s five-star index and

Aixplorer’s SI) were not recorded, and therefore, factors

that affect STE/SWE image quality were not analyzed. A

future study can include relative metrics to investigate

whether poor STE/SWE image quality metrics are related

to disease or other clinical factors.
CONCLUSIONS

A study evaluating the performance of two popular

US elastography methods, in comparison with STE, a

relatively new method, was carried out. STE performs

similarly to VCTE and SWE in terms of accuracy, and

could be used as alternative to the other methods. Fur-

thermore, all methods exhibit good inter-observer and

inter-device variability provided that the examinations

are performed by an expert radiologist and device-spe-

cific guidelines of the manufacturers and EFSUMB rec-

ommendations are followed. More patients should be

processed to further validate STE as a new, reliable alter-

native US elastography method.
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