Ultrasound in Medicine & Biology 49 (2023) 2264—2272

Ultrasound in Medicine & Biology

journal homepage: www.elsevier.com/locate/ultrasmedbio

Contents lists available at ScienceDirect

Original Contribution

Ultrasound Shear Wave Attenuation Imaging for Grading Liver Steatosis in ]

Check for

Volunteers and Patients With Non-alcoholic Fatty Liver Disease: A Pilot s

Study

Ladan Yazdani ®”, Iman Rafati *°, Marc Gesnik ?, Frank Nicolet®, Boris Chayer?,
Guillaume Gilbert““, Anton Volniansky 4, Damien Olivié Y, Jeanne-Marie Giard®,

Giada Sebastiani’, Bich N. Nguyené, An Tang*", Guy Cloutier

a,b,d, s

2 Laboratory of Biorheology and Medical Ultrasonics (LBUM), Centre de recherche du Centre hospitalier de 'Université de Montréal (CRCHUM), Montréal, QC, Canada
Y Institute of Biomedical Engineering, Université de Montréal, Montréal, QC, Canada

© MR Clinical Science, Philips Healthcare Canada, Markham, ON, Canada

d Department of Radiology, Radiation Oncology and Nuclear Medicine, Université de Montréal, Montréal, QQ, Canada

€ Department of Hepatology, Université de Montréal, Montréal, QC, Canada

{ Division of Gastroenterology and Hepatology, McGill University Health Centre, Montreal, QC, Canada

& Service of Pathology, Centre Hospitalier de I’Université de Montréal (CHUM), Montréal, QC, Canada

! Laboratory of Clinical Image Processing, CRCHUM, Montréal, QC, Canada

ARTICLE INFO

Keywords:

Ultrasound

Shear wave

Elastography

Attenuation

Dispersion

Magnetic resonance imaging proton density fat
fraction

Biopsy

Liver steatosis

Cutoff threshold

Non-alcoholic fatty liver disease

Objective: The aims of the work described here were to assess shear wave attenuation (SWA) in volunteers and
patients with non-alcoholic fatty liver disease (NAFLD) and compare its diagnostic performance with that of shear
wave dispersion (SWD), magnetic resonance imaging (MRI) proton density fat fraction (PDFF) and biopsy.
Methods: Forty-nine participants (13 volunteers and 36 NAFLD patients) were enrolled. Ultrasound and MRI
examinations were performed in all participants. Biopsy was also performed in patients. SWA was used to assess
histopathology grades as potential confounders. The areas under curves (AUCs) of SWA, SWD and MRI-PDFF
were assessed in different steatosis grades by biopsy. Youden’s thresholds of SWA were obtained for steatosis
grading while using biopsy or MRI-PDFF as the reference standard.

Results: Spearman’s correlations of SWA with histopathology (steatosis, inflammation, ballooning and fibrosis)
were 0.89, 0.73, 0.62 and 0.31, respectively. Multiple linear regressions of SWA confirmed the correlation with
steatosis grades (adjusted R? = 0.77, p < 0.001). The AUCs of MRI-PDFF, SWA and SWD were respectively 0.97,
0.99 and 0.94 for SO versus >S1 (p > 0.05); 0.94, 0.98 and 0.78 for <S1 versus >S2 (both MRI-PDFF and SWA
were higher than SWD, p < 0.05); and 0.90, 0.93 and 0.68 for <S2 versus S3 (both SWA and MRI-PDFF were
higher than SWD, p < 0.05). SWA’s Youden thresholds (Np/m/Hz) (sensitivity, specificity) for SO versus >S1,
<81 versus >S2 and <S2 versus S3 were 1.05 (1.00, 0.92), 1.37 (0.96, 0.96) and 1.51 (0.83, 0.87), respectively.
These values were 1.16 (1.00, 0.81), 1.49 (0.91, 0.82) and 1.67 (0.87, 0.92) when considering MRI-PDFF as the
reference standard.

Conclusion: In this pilot study, SWA increased with increasing steatosis grades, and its diagnostic performance was
higher than that of SWD but equivalent to that of MRI-PDFF.

Introduction

early identification is important to prevent progression and reduce over-
all mortality [4].

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver
disease, particularly in Western nations [1], and it is a leading cause of
liver-related morbidity and mortality [2]. This disease is associated with
metabolic impairments such as obesity and type 2 diabetes mellitus [3].
NAFLD may develop into a progressive form, non-alcoholic steatohepati-
tis (NASH), which may lead to fibrosis, cirrhosis and cancer. Therefore,

Although liver biopsy is recognized as the historical reference stan-
dard for assessment of NAFLD and for the definite diagnosis of NASH
[5,61, there are some limitations, including sampling inaccuracy, low
patient acceptance (especially for disease monitoring) and the risk of
bleeding [7—9]. Therefore, the acceptability of biopsy for screening on a
wide scale and for longitudinal disease monitoring is limited [10,11].
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Different imaging methods have been investigated to quantitate stea-
tosis non-invasively [12—14]. Magnetic resonance imaging (MRI)-based
techniques have been developed to measure the proton density fat
fraction (PDFF), a biomarker of steatosis, with good precision and repro-
ducibility [15,16]. The MRI-PDFF method has been reported to detect
steatosis with higher sensitivity than B-mode ultrasound (US)
[13,16,17]. However, MRI is costly, has more limited availability and is
not available as a point-of-care device [13,18]. MRI is also impractical
for large-scale screening when considering the high prevalence of
NAFLD [16,19]. Computed tomography (CT) can be used for steatosis
detection. However, except for opportunistic screening when CT is per-
formed for another indication, it is generally not suitable as a screening
method because of the concerns over ionizing radiation [20].

B-Mode US can be used to grade steatosis semi-quantitatively on the
basis of increased backscatter (higher echogenicity), attenuation and
image clutter. However, assessment is operator dependent with moder-
ate agreement between readers [21], the sensitivity is low for detection
of mild steatosis [22], the steatosis grading ability is limited [23] and
the performance drops markedly in morbidly obese patients [24]. Build-
ing on the success of shear wave elastography (SWE) [25] for quantify-
ing and staging fibrosis [26], some US techniques have been proposed
for liver fat quantification. A study explored experimentally the link
between shear wave dispersion (SWD) and shear wave attenuation
(SWA), which are both related to tissue viscosity [27]. Moreover, studies
have found that SWD and SWA correlate with steatosis grades [27—31].
Also, SWA related to the lossy nature of tissues [29,32,33] was found to
vary with the fat content, according to pre-clinical fatty duck liver
experiments [29]. However, few studies have assessed the feasibility
and diagnostic performance of SWA in the context of NAFLD
[27,31,33].

The purpose of this pilot study was to assess SWA in volunteers and
patients with NAFLD. Secondary aims were to assess potential confound-
ers, compare its diagnostic performance for grading steatosis with SWD
and MRI-PDFF and identify diagnostic thresholds when using either his-
topathology or MRI-PDFF as the reference standard.

Methods
Design and participants

This single-site, prospectively designed, cross-sectional imaging trial
was undertaken to evaluate the diagnostic accuracy of shear wave (SW)
techniques in non-obese volunteers and patients, using histopathology
as the reference standard for patients. This study was approved by
the institutional review board of the Centre de recherche du Centre
Hospitalier de 1'Université de Montréal (CRCHUM). All participants
gave their written informed consent.

Between January 2020 and May 2023, normal volunteers and
patients were enrolled to obtain a representative spectrum of disease.
Non-NAFLD volunteers were included if they were adults with no risk
factors for developing liver steatosis (including type 2 diabetes mellitus,
alcohol consumption >60 g of alcohol per day, lipogenic medication
and body mass index [BMI] >25 kg/mz) and had no liver steatosis
(defined as MRI-PDFF <5%). Those with NAFLD were included if they
were adults with suspected or known NAFLD or NASH who had to
undergo a liver biopsy as part of their clinical standard of care. Subjects
were excluded if they had other causes of chronic liver disease or had
undergone a liver transplant. Contra-indications to MRI (such as claus-
trophobia and pacemaker) did not constitute an exclusion criterion
because the primary endpoint was the diagnostic accuracy of SW US
according to biopsy. Figure 1 is the flowchart of patient enrollment.

US data acquisition

A Verasonics Vantage programmable system (Verasonics Inc.,
Kirkland, WA, USA) and a 128-element curved array US transducer (ATL
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C5-2, Philips Healthcare, Andover, MA, USA) were used to generate
acoustic radiation force push beams and track induced displacements.
Details on the US sequence used, US SW generation and tracking and
intensity measurements respecting acoustic output standards are pro-
vided in Supplement S1 (online only). To visualize the SW propagation
and confirm image quality, a cine-loop reconstruction was done immedi-
ately after the acquisition. Then, the beamforming was done using the f-
k migration method [34] on acquired data by compounding the coherent
sum of three angled planes between —1 and 1°.

US data post-processing

A 2-D autocorrelation algorithm [35] applied to radiofrequency (RF)
data was used to display the SW velocity field. The polar coordinates of
acquired data were converted in Cartesian coordinates for further proc-
essing. The region of interest (ROI) for each acquisition was selected
3 mm away on the right of the last SW push line. Each ROI had a width
of 1.5 cm and a length of 1.2 cm, which corresponds to the length of the
acoustic radiation force push line in the depth direction, or smaller in
the cases in which the segmented contour had a smaller size because of
high noise. All processing was done in MATLAB (Version 2018a, The
MathWorks, Natick, MA, USA). SWA was computed based on the revis-
ited frequency shift (R-FS) method [33]. The SWA was computed over
the whole amplitude spectrum frequency range 0—1000 Hz. SWD was
estimated as the slope of the SW phase velocity-versus-frequency curve,
according to [28,36], on the same ROI as SWA computations by averag-
ing the velocity field over depth. The A-RANSAC method inspired by
Yazdani et al. [33] was used for line fitting and for finding the slope.
The SWD was computed between averaged values of the lower fre-
quency at half-maximum (67 Hz) and peak frequency (110 Hz), deter-
mined a posteriori on the whole data set. For more details on SWA and
SWD computation, readers are referred to Supplement S2 (online only).

MRI examination

The MRI-PDFF was measured using the Achieva TX 3T MRI system
(Philips Healthcare, Best, Netherlands). A two-channel body coil and a
16-channel surface array coil were used for transmission and signal
reception. The software versions were R5.3.1 (January 2020—Septem-
ber 2020), R5.6.1 (September 2020—November 2022) and R5.7.1
(November 2022—May 2023), and the sequence was a 3-D chemical
shift-encoded multi-echo gradient-echo sequence using six echoes
(mDixon Quant). A multifrequency spectral fat model and a T2* correc-
tion were used to perform the water/fat separation in the complex
domain. Also, to avoid T1 bias, a low flip angle of 3° was used. The ratio
of fat proton density to total fat and water proton density provided the
PDFF [15,37]. MRI-PDFF analysis was performed using OsiriX MD Ver-
sion 9.0.2 by a medical student under the supervision of an experienced
radiology investigator. A single slice of the liver was chosen for segmen-
tation at a level where the spleen was well visible and hepatic veins less
prominent. The region of interest included left and right livers and
excluded the inferior vena cava and Glisson’s capsule.

Histological analysis of tissue samples

For patients, liver biopsies were obtained with 16- or 18-gauge nee-
dles in the right liver lobe using an intercostal approach for clinical care
or NASH Clinical Research Network (CRN) procedures. Hematoxylin and
eosin, periodic acid—Schiff, periodic acid—Schiff—diastase, reticulin and
Masson’s trichrome stains were used [38]. As chronic liver disease is dif-
fuse, the location of the biopsies was not correlated with that of the US
or MRI quantitative measurements. An expert hepato-pathologist (B.N.
N.) analyzed histology slides and applied the NASH-CRN scoring system
[8]. Steatosis was graded from O to 3 (SO to S3), lobular inflammation
was graded from O to 3 (IO to I3), hepatocellular ballooning was graded
from O to 2 (BO to B2) and fibrosis was staged from O to 4 (FO to F4).
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586 patients undergoing liver Not eligible
37 volunteers contacted .
biopsy * No NAFLD nor NASH n =65
» Transplanted n=126
+ Cardiac m=5%
Not eligible = Ethanol n=42
+ Chronic liver diseases n=128
* Hepatic steatosis n=3 - Biopsy > 12 weeks* =
>+ BMI> 25 kg/m? n=6 >| * Biopsy was cancelled n=20
+ Claustrophobia n=1 « Unavailability of biopsy result beyond 12-
week period* n=4
« Already participating in a research
4 protocol (including medications) n =6
 Deceased M= 12
27 eligible h 4 + Claustrophobic n=4
* BMI > 40 kg/m?2 n=16
85 eligible * Miscellaneous n=65
No participation
Exclusi
* Unreachable n=>5 - Xelsons
»| * Notavailable n=7 "1+ No participation (due to being
+ Cancelled n=2 A 4 unreachable, pregnant, cancelation, etc.)
s ; n=46
39 initial enrolled patients
\4 Exclusions
»| « Incomplete participation m= 1
13 enrolled volunteers \ 4 - Awaiting biopsy results n=2
36 enrolled patients ¢
Exclusions
Y = 4 « No MRI n=4

13 volunteers for US
SWA and SWD
quantification

13 volunteers for MRI-
PDFF quantification

36 patients for US SWA and
SWD quantification

v

32 patients for MRI-PDFF quantification

Figure 1. Flowchart of the participant enrollment process. BMI, body mass index; MRI-PDFF, magnetic resonance imaging proton density fat fraction; NAFLD, non-
alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; SWA, shear wave attenuation; SWD, shear wave dispersion; US, ultrasound.

Statistical analysis

Means and standard deviations (SD) of SWE parameters were
reported for each imaging session. When the Shapiro—Wilk normality
test failed, a non-parametric Kruskal—Wallis rank sum test was used to
determine SWA statistical differences between histopathology grades,
and corresponding p values were reported. A post hoc Dunn test was
used for multiple pairwise comparisons between histopathological
grades and stages.

Linear regressions were used to determine the relationship between
SWA measurements and MRI-PDFF values, or liver biopsy grades. As his-
topathology grades are semiquantitative, the non-parametric Spearman
rank correlation coefficient was used to assess strengths of correlations
between SWA and liver biopsy grades, age, BMI and sex. Rank correla-
tions were considered low (r < 0.5), moderate (0.5 < r < 0.7) and high
(r > 0.7) [39]. Multiple linear regression (MLR) analyses of SWA meas-
urements as a function of steatosis, inflammation, ballooning and fibro-
sis were performed. Spearman’s r values, regression coefficients,
standard errors, 95% confidence intervals (CIs) and adjusted R? values
were reported for each technique.

The diagnostic performance of MRI-PDFF, SWA and SWD for grading
liver steatosis was evaluated with the receiver operating characteristic
(ROC) curve. The optimal cutoff thresholds of SWA were calculated
using Youden’s index [40,41]. Areas under the curve (AUCs) were com-
pared using the Delong method [42]. ROC curves of SWA for grading
steatosis were also plotted for histopathology and MRI-PDFF as the refer-
ence standard. Thresholds for assessing steatosis grades using MRI-PDFF
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were fixed at 6.4%, 17.4% and 22.1%, according to Tang et al. [16]. All
statistical tests were performed with software R (Version x64 4.2.1, R
Foundation). The level of statistical significance was fixed at p < 0.05.

Results

Among 49 enrolled participants (24 females and 25 males), 13 were
healthy volunteers and 36 had NAFLD or NASH. The mean age was 50.3
y (range: 25.8—71.0 y) for women and 56.0 y (range: 27.7—76.6 y) for
men. Cohort characteristics are provided in Table 1. Four patients had
only experimental US scans as they were excluded from MRI because of
COVID-19, MRI non-compatibility with implants and claustrophobia.
Thirteen healthy volunteers were included and were considered to have
no steatosis, fibrosis, inflammation or ballooning (US and MRI scans but
no biopsy). Representative examples of B-mode images and correspond-
ing SWA maps are provided in Figure 2. SWA versus MRI-PDFF values
are presented in Figure 3.

Shear wave attenuation and histopathological classification

The relationships between SWA and histology grades and stages are
shown in Figure 4. SWA for steatosis grades SO to S3 were 0.75 + 0.22,
1.23 +0.15, 1.55 + 0.10 and 1.79 + 0.30 Np/m/Hz (p < 0.001). There
were significant differences between SO and other steatosis grades
(S0 vs. S1, SO vs. S2 and SO vs. S3) and between S1 and S3 (p < 0.001).

Shear wave attenuation for lobular inflammation grades 10 to I3
were 0.81 + 0.26, 1.53 + 0.36, 1.70 + 0.26 and 1.71 + 0.26 Np/m/Hz
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Table 1 (p < 0.001), respectively. Mean values of SWA were differed signifi-
Characteristics of the 49 participants cantly between 10 and I1 (p < 0.001), I0 and 12 (p < 0.001) and I0 and I3
— (p <0.001).
Characteristic Results Shear wave attenuation for ballooning grades BO to B2 were 0.86 +
Sex 0.32, 1.62 + 0.35 and 1.57 + 0.31 Np/m/Hz (p < 0.001), respectively.
Men 25 (51%) BO values statistically significantly differed from B1 (p < 0.001) and B2
Ag??;len 24 (49%) (p < 0.001) values.
Mean + SD (range) 53.0 + 15.2 (25.8—76.6) Shear wave attenuation for fibrosis stages FO to F4 were 0.93 + 0.53,
BMI (kg/m?) 1.72 + 0.32, 1.66 + 0.26, 1.50 = 0.32 and 1.37 + 0.25 Np/m/Hz (p <

Mean =+ SD (range) 0.001), respectively. Values of SWA significantly differed between FO

Non-NAFLlE) volunteers [22.5+1.8] (18.8—24.8) and F1 (p < 0.001), FO and F2 (p < 0.05) and FO and F3 (p < 0.05).

NAFLD patients [27.8 + 5.4] (16.3-39.3)

Steatosis grade

0 13 (26.5%) Univariate and multivariate analyses

1 10 (20.4%)

g i‘élgf;/"; Linear regressions and R and p values of SWA are reported in

L . . (36.7%) Table 2. All relationships with steatosis, lobular inflammation, balloon-
obular inflammation grade X X R o T 2

0 15 (30.6%) ing and fibrosis were statistically significant (0.11 < R* < 0.77, p <

1 20 (40.8%) 0.03). On the basis of Spearman’s correlations (Table 3), relationships

2 7 (14.3%) between SWA and steatosis, inflammation, ballooning and fibrosis were

3 . 7 (14.3%) also significant (0.31 <r < 0.89, p <0.03). Age and BMI were also corre-

Hepatocellular ballooning grade . . .

0 16 (32.6%) lated with SWA (p < 0.03). NASH variables with low Spearman correla-

1 21 (42.9%) tions (r < 0.5) were neglected in MLR analyses. In MLR models, only

2 12 (24.5%) SWA was correlated with steatosis grades (p < 0.001), with a high deter-

Fibrosis stage mination coefficient (R? = 0.77).

0 15 (30.6%)

1 9(18.4%)

2 6 (12.2%) Diagnostic performance

3 9 (18.4%)

4 10 (20.4%) Estimates of the diagnostic performance of MRI-PDFF, SWA and SWD
Values in parentheses are percentages or ranges. Steatosis in grading liver steatosis (ROC analyses) are illustrated in Figure 5. For
grade, lobular inflammation grade, hepatocellular balloon- differentiating SO from >S1, there were no significant differences
ing grade and fibrosis stage were presumed to be 0 for the between AUCs of MRI-PDFF, SWA and SWD (respectively 0.97, 0.99 and
13 healthy volunteers without steatosis. 0.94). For differentiating S1 from >S2, AUCs were similar for MRI-PDFF
BMI, body mass index; NAFLD, non-alcoholic fatty liver and SWA (0.94 vs. 0.98), but significantly higher for SWA than SWD
disease; SD, standard deviation. (0.98 vs. 0.78, p = 0.001) and significantly higher for MRI-PDFF than
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Figure 2. (a, b) Liver B-mode image (a) and SWA map (b) of a 45-y-old man with steatosis grade 3, lobular inflammation grade 2, ballooning grade 1, fibrosis stage 2
and an MRI-PDFF of 37.8%. (c, d) Liver B-mode image (c) and SWA map (d) of a 27-y-old healthy female volunteer with an MRI-PDFF of 2.1%. Liver boundaries and
regions of interest of SWA maps are represented by the green line and the yellow box on B-mode images, respectively. MRI-PDFF, magnetic resonance imaging proton
density fat fraction; SWA, shear wave attenuation.
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Figure 3. Scatterplot of SWA (Np/m/Hz) versus MRI-PDFF (%). MRI-PDFF,
magnetic resonance imaging proton density fat fraction; SWA, shear wave
attenuation.

SWD (0.94 vs. 0.78, p = 0.01). For differentiating <S2 from >S3, AUCs
were similar for MRI-PDFF and SWA (0.90 vs. 0.93), but significantly
higher for SWA than SWD (0.93 vs. 0.68, p = 0.002) and significantly
higher for MRI-PDFF than SWD (0.90 vs. 0.68,p = 0.01).

Receiver operating characteristic curves of SWA for grading steatosis
were also plotted for histopathology and MRI-PDFF as the reference
standard (Fig. 6). With histopathology as reference, SWA had AUCs of
0.99 for differentiating SO from >S1, 0.98 for differentiating <S1 from
>S2 and 0.93 for differentiating <S2 from S3. With MRI-PDFF as refer-
ence, SWA had AUCs of 0.92 for differentiating SO from >S1, 0.91 for
differentiating <S1 from >S2 and 0.91 for differentiating <S2 from S3.
SWA Youden thresholds for steatosis grading are reported in Table 4.
Optimal SWA thresholds for grading steatosis were respectively 1.05,
1.37 and 1.51 Np/m/Hz for SO versus >S1, <S1 versus >S2 and <S2
versus S3 using biopsy as the reference standard, and respectively 1.16,
1.49 and 1.67 Np/m/Hz when using MRI-PDFF as the reference stan-
dard.

Discussion
In this prospective pilot study, SWA imaging was investigated as a

biomarker for assessing hepatic steatosis, lobular inflammation, balloon-
ing and fibrosis. Histopathology was used as the reference standard.

Ultrasound in Medicine & Biology 49 (2023) 2264—2272

Liver biopsy specimens were evaluated according to the NASH CRN
Pathology Committee using the NAFLD histology scoring system.

On univariate analysis, SWA had low to high correlations with liver
steatosis, lobular inflammation, ballooning scores and fibrosis. However,
on multivariate regression, only SWA was strongly correlated with liver
steatosis. As liver lobular inflammation was close to the statistically sig-
nificant level (p = 0.053), a definite correlation between SWA and lobu-
lar inflammation might appear in a larger cohort study. SWA provided
high diagnostic performance for classification of dichotomized steatosis
grades. We then computed SWA cutoff thresholds for differentiating
steatosis grades, using either biopsy or MRI-PDFF as the reference stan-
dard. The use of SWA to assess liver steatosis was recently evaluated in a
few clinical cases. Ormachea and Parker [27] and Sharma et al. [31]
reported a moderate correlation between SWA and steatosis grades
(Spearman’s r = 0.52 and r = 0.69, respectively). The higher correla-
tion observed in our study (r = 0.90) may be explained by the larger
number of study participants and the inclusion of healthy volunteers,
which provides a broader spectrum of liver conditions. Moreover, in
their studies, SWA were computed with a different algorithm at a single
frequency.

Because MRI-PDFF and SWD were previously reported to be corre-
lated with steatosis grade [15,17,27,28,43], we compared the perfor-
mance of SWA with that of those biomarkers in the current study. On
the basis of ROC AUCs, we could determine that SWA and MRI-PDFF
performed better than SWD and that SWA and MRI-PDFF performed
similarly. The latter observation constitutes a significant advance when
considering the value of MRI-PDFF as an alternative reference standard
to biopsy for assessing liver steatosis [16,38,44—46].

One of the aforementioned studies compared the diagnostic perfor-
mance of SWA and SWD. Ormachea and Parker [27] found that the
SWA-AUC for steatosis detection (SO vs. >S1) was higher than that for
SWD. On the other hand, AUCs of SWA and SWD were similar for grad-
ing the steatosis severity (S1 vs. S2 and <S2 vs. S3) [27], whereas we
found that SWA provided higher performance than SWD for all steatosis
grades. Differences between both studies may again be attributed to the
algorithm and the frequencies considered for computing SWA. In our
study, SWA was based on a gamma fitting on the whole available fre-
quency bandwidth (0—1000 Hz), whereas in Ormachea and Parker [27],
it was assessed at a fixed frequency of 150 Hz. This is relevant because
the chosen frequency bandwidth is known to influence SWA computa-
tion [47]. Some studies on SWA reported results at a single frequency
[27,31] or in a range of frequencies [33,48—51].

The frequency range is also a source of variation for SWD. Band-
widths from 30 to 450 Hz were reported for liver imaging [28,29,36]. In
the current study, the selected bandwidth (67—110 Hz) was within
reported ranges and was kept constant for all data sets. To reduce the

* %k % %
* %k * %k k * %k %k * %
ryoys Dk Tk ok * ok ok
2.51 — 2.5 25 : . 2.5
* %k %k v &
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Figure 4. Scatterplots, means and standard deviations of SWA for different grades of (a) steatosis, (b) lobular inflammation, (c) ballooning and (d) fibrosis. *p < 0.05,

**p < 0.01, ***p < 0.001. SWA, shear wave attenuation.
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Table 2

Ultrasound in Medicine & Biology 49 (2023) 2264—2272

SWA for different grades of steatosis, lobular inflammation, ballooning and fibrosis and linear

regressions of SWA with respect to biopsy grade

Histopathological grade or stage Shear wave attenuation (Np/m/Hz, mean + SD)
Steatosis Inflammation  Ballooning Fibrosis
0 0.75+0.22 0.81 +0.26 0.86 +0.32 0.93 +£0.53
1 1.23 £0.15 1.53 £0.36 1.62 +£0.35 1.72 +£0.32
2 1.55+0.10 1.70 £0.26 1.57 +0.31 1.66 + 0.26
3 1.79 +0.30 1.71 £0.26 — 1.50 + 0.32
4 — — — 1.37 £0.25
Linear regression 0.34x + 0.81 0.32x + 1.01 0.38x + 1.01 0.11x + 1.19
(R*=0.77, (R* = 0.44, (R* = 0.36, (R*=0.11,
p <0.001) p <0.001) p <0.001) p = 0.03)

Table 3

Univariate and multivariate linear regression analyses of shear wave attenuation versus liver histopathology grades, age, sex and

body mass index

Univariate analysis

Multiple linear regression analysis

Spearman’s r 95% CI PValue  Estimated coefficient — 95% CI PValue  Adjusted R®

Steatosis 0.89 0.80,0.94  <0.001 0.32 0.23,0.40  <0.001 0.77
Lobular inflammation 0.73 0.56,0.84  <0.001 0.09 -0.01,0.19 0.053

Ballooning 0.62 0.40, 0.77 <0.001 —0.06 —0.20, 0.07 0.334

Fibrosis 0.31 0.03, 0.55 0.03 — — —

Age (y) 0.32 0.04, 0.56 0.03 - - -

Body mass index (kg/m?)  0.36 0.08, 0.59 0.01 — — —

Sex 0.11 —0.19,0.38 0.48 — — —

impact of outliers (i.e., variability in shear wave velocity with fre-
quency), the A-RANSAC method was used to improve the robustness of
SWD computations. The A-RANSAC applied on gamma fitting parame-
ters of frequency spectra was also used for SWA analyses.

To differentiate histologically determined steatosis grades with SWA,
we computed thresholds that maximized the Youden index. We
observed good sensitivity (0.83—1.00) and high specificity (0.87—0.96)
in differentiation of steatosis grades. When biopsy was used as the refer-
ence standard, SWA provided higher sensitivity than MRI-PDFF and the
same range of specificity as reported in previous studies [15,16]. If inde-
pendently validated in larger cohorts, SWA may constitute an alternative
to MRI-PDFF because of its potential implementation on US scanners,
cost-effectiveness and availability as a point-of-care tool for screening of
liver steatosis.

Quantitative US (QUS) methods that have been investigated as alter-
native approaches to biopsy for assessment of liver steatosis have also
attracted some attention. Recent studies have evaluated the compression

wave attenuation coefficient [52], backscatter coefficient [53] or both
attenuation and backscatter coefficients [54] for assessment of steatosis.
One limitation of these QUS-based methods is their dependency on ref-
erence phantoms for calibrations, but some efforts have been made to
overcome this issue [54,55]. In a recent study involving patients with
NAFLD across multiple centers, the effectiveness of multiparametric US
was evaluated using various techniques, including attenuation imaging
(ATI) to measure the compression wave attenuation coefficient, as well
as 2-D SWE to assess liver stiffness and the dispersion slope [52]. How-
ever, further head-to-head comparisons of performance between the
most recent SWA technologies and QUS-based techniques on the same
patients remain to be performed in future studies.

This study has some limitations. First, because of the relatively small
number of patients in this pilot study, some combinations of histopatho-
logical features were not available (e.g., a patient with SO and >F1 or a
patient with FO and S2). Therefore, the diagnostic performance assess-
ment might not have considered the whole spectrum encountered in
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Figure 5. Receiver operating characteristic curves of MRI-PDFF, SWA and SWD for dichotomization of (a) stage 0 versus >stage 1, (b) <stage 1 versus >stage 2 and (c)
<stage 2 versus stage 3 using histopathological grading as the reference standard. AUC, area under the receiver operating characteristic curve; CI, confidence interval;
MRI-PDFF, magnetic resonance imaging proton density fat fraction; SWA, shear wave attenuation; SWD, shear wave dispersion; US, ultrasound.
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Figure 6. Receiver operating characteristic curves of SWA for grading liver steatosis using (a) histopathology and (b) magnetic resonance imaging proton density fat
fraction as the reference standard. AUC, area under the receiver operating characteristic curve; CI, confidence interval.

Table 4

Shear wave attenuation optimal cutoff values and associated sensitivity, specificity, PPV and NPV for different steatosis grades using biopsy and MRI-PDFF as the ref-

erence standard

Steatosis grade ~ AUC [95% CI]  Cutoff (Np/m/Hz)  Sensitivity [95% CI]  Specificity [95% CI] ~ PPV [95% CI] =~ NPV [95% CI] = Accuracy [95 % CI]  F1-score [95% CI]
Reference standard: biopsy
SO vs. >S1 0.99 1.05 1.00 0.92 0.97 1.00 0.98 0.99
[0.97,1] [0.90, 1] [0.67,1] [0.86, 1] [0.74,1] [0.89,1] [0.92,1]
<S1 vs. >S2 0.98 1.37 0.96 0.96 0.96 0.96 0.96 0.96
[0.96, 1] [0.81, 1] [0.79, 1] [0.80, 1] [0.78,1] [0.86, 0.99] [0.86, 0.99]
<S2vs. S3 0.93 1.51 0.83 0.87 0.79 0.90 0.86 0.81
[0.86, 1] [0.59, 0.96] [0.70, 0.96] [0.54, 0.94] [0.74, 0.98] [0.73,0.94] [0.61, 0.93]
Reference standard: MRI-PDFF
SO vs. >S1 0.92 1.16 1.00 0.81 0.86 1.00 0.91 0.92
[0.82,1] [0.86,1] [0.60, 0.92] [0.67, 0.96] [0.81,1] [0.79, 0.98] [0.80, 0.98]
<S1vs. >S2 0.91 1.49 0.91 0.82 0.63 0.96 0.84 0.74
[0.82,1] [0.62, 0.99] [0.66, 0.92] [0.35, 0.85] [0.82,1] [0.70, 0.93] [0.53, 0.90]
<S2vs.S3 0.91 1.67 0.87 0.92 0.70 0.97 0.91 0.78
[0.80, 1] [0.53, 0.99] [0.79, 0.97] [0.35, 0.93] [0.85,1] [0.79, 0.98] [0.47, 0.96]

AUC, area under the receiver operating characteristic curve; CI, confidence interval; MRI-PDFF, magnetic resonance imaging proton density fat fraction; NPV, nega-

tive predictive value; PPV, positive predictive value.

NASH. Second, as there were no SWA thresholds published in the litera-
ture for liver steatosis grading, it was not possible to compare our results
with prior results. Third, because steatosis, inflammation, ballooning
and fibrosis are all correlated with SWA, these histopathological features
may confound the interpretation of SWA for steatosis grading. However,
the strongest association was observed in the presence of steatosis.
Future work on larger cohorts will be required to systematically address
these potential confounders of SWA. Finally, the interval between biopsy
and US or MRI measurements was 37.8 + 34.6 d. SWA accuracy for
NASH assessment may be improved by using a smaller interval between
biopsy, US and MR imaging [15].

Conclusion

This pilot, prospective, cross-sectional study in a cohort of volunteers
and patients with biopsy-confirmed NAFLD or NASH determined the fea-
sibility of using SWA as a non-invasive biomarker for early detection of
hepatic steatosis with high sensitivity and specificity. Also, SWA pro-
vided excellent accuracy for classification of moderate and severe steato-
sis grades, whether considering biopsy or MRI-PDFF as the reference
standard in this pilot study. These results are meant to illustrate the fea-
sibility of the SWA parameter as a biomarker, and with a larger cohort,
cutoff values might likely be modified. Prospective studies with larger
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cohorts will help validate the diagnostic performance of SWA for non-
invasive detection and grading of liver steatosis.
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