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1 | INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) refers to a
wide spectrum of liver disorders, ranging from benign
isolated steatosis (NAFL) to Nonalcoholic Steato-
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Abstract

Background: Nonalcoholic fatty liver disease (NAFLD) refers to a large spec-
trum of liver disorders and is the most common cause of metabolic liver disease.
The current gold standard for diagnosing NAFLD is liver biopsy, which can lead
to severe complications.

Purpose: Among the noninvasive diagnostic options, we chose to use a
FibroScan and developed an algorithm applying the Voigt rheological model
to assess the viscoelastic properties of the liver and evaluate its performance
for the diagnosis of steatosis.

Methods: Twenty-two healthy volunteers and 20 patients with steatosis were
included. For each subject, we used a modified FibroScan, whose data had
been processed by our algorithm to separate the two viscoelastic components,
stiffness u, and viscosity 7. The liver elasticity uFibroscan measured by the
FibroScan was also recorded. Mann—-Whitney tests and receiver operating char-
acteristics (ROCs) curve analyses were performed to compare the parameters
between the two groups, and Pearson’s correlation coefficients were used to
assess the correlations between the parameters.

Results: We found a good correlation between » and uFibroscan (r=0.75),and
poor correlations between u and both » and uFibroscan (r = 0.33 and r = 0.03,
respectively). We also showed that n and uFibroscan were higher in patients with
steatosis compared to healthy volunteers, with area under the ROCs (AUROC)
curve at 0.814 and 0.891, respectively. Conversely, u was not different between
the two groups (AUROC = 0.557).

Conclusions: Our novel method successfully separated the two viscoelastic
properties of the liver, of which the parameter 7 is a sensitive indicator for
steatosis.

KEYWORDS
elastography, fatty liver disease, NAFLD, shear elastic modulus, shear viscosity, shear wave, steato-
sis, VCTE

hepatitis (NASH), the latter ultimately evolving into
cirrhosis and potential hepatocellular carcinoma.' It is
the most common cause of metabolic liver disease,
and its prevalence in the adult population is estimated
at 25% worldwide, 80%—90% for obese adults, and
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42.6%-69.5% for patients with type 2 diabetes?™
NAFLD is currently a major public health concern, due to
its increased risk of overall mortality, its liver-related mor-
bidity and mortality, as well as an increased risk of type
2 diabetes, cardiovascular disease, and chronic kidney
disease.*~’

The diagnostic gold standard for NAFLD is liver
biopsy, which can distinguish simple steatosis (>5% of
fat droplets within hepatocytes, usually estimated semi-
quantitatively), from NASH and its characteristic inflam-
matory lesions, with or without fibrosis 2 Its drawbacks
are potentially severe complications (such as bleeding,
or more rarely infection), sampling variability (small sam-
ple size, approximately 1/50 000th of the liver) and inter-
observer variability.'0 "1

To overcome these limitations, noninvasive diagnosis
of steatosis is routinely made by medical imaging; either
prescribed due to symptoms or signs of liver disease,
or incidentally discovered on thoracic and abdominal
imaging prescribed for other reasons.® Most commonly,
the diagnosis is made on morphological (B-mode) liver
ultrasound (US), due to its wide availability, simplicity,
low cost, and additional diagnostic yield.'> But morpho-
logical US imaging has a moderate interobserver repro-
ducibility and has limited sensitivity for mild steatosis
(<30%)."®> Computed tomography can reliably diagnose
hepatic steatosis. However, this technique presents two
main problems:it is not sufficiently sensitive in the detec-
tion of mild steatosis (<30%) and exposes patients to
radiation.*"® 1H Magnetic Resonance Spectroscopy
("H-MRS) can identify spectral peaks that correspond
to the protons in triglycerides and is considered one of
the most sensitive imaging techniques for quantitative
steatosis estimation but is not widely available and is
technically challenging.'® Magnetic resonance imaging
(MRI) with calculation of Proton Density Fat Fraction
(MRI-PDFF) is considered a better choice in routine
practice compared to "H-MRS, as it is simpler to use and
enables precise quantitative assessment of liver fat over
the entire liver'® However, MRI-PDFF use is hampered
by high costs and limited availability.'2'317 Although
some advocate MRI as the new gold standard,'®'?
further validation of the latest techniques remains
necessary.

In her recent PhD thesis, Imbault?® developed a
sound speed estimation method using an ultrafast
scanner (Aixplorer, Supersonic Imagine, France). This
method proposes a precise and robust in vivo sound
speed assessment based on the spatial coherence
analysis of a US beam at 3.5 MHz. The US speed
is obtained from an optimal US beamforming in fatty
liver. Imbault formulated the hypothesis that in hepatic
steatosis, the liver is progressively transformed into a
biphasic medium made of a mix of liver and fat cells.
Using Wood'’s biphasic theoretical model, Imbault found
a relation between the US fat fraction and the sound

of speed measured within the liver. This US fat frac-
tion was found to be highly correlated with MRI-PDFF
in two 50-patient cohorts (R?= 0.73 and R?= 0.76,
respectively).2!

Another promising method is US attenuation mea-
surement, which occurs during US compressional wave
propagation in the liver. Compressional wave attenuation
is due to viscous and scattering processes. The main dif-
ficulty with this approach is compensating US diffraction
induced by beam spreading, to correctly separate atten-
uation due to viscous/scattering processes from attenu-
ation due to beam diffraction. This attenuation measure-
mentin the liver is performed with the controlled attenua-
tion parameter (CAP),22~26 using Fibroscan (Echosens,
Paris, France), a US-based vibration-controlled transient
elastography (VCTE) device that was initially created
to assess liver fibrosis?’~2° CAP can accurately diag-
nose steatosis but is limited for steatosis quantification.
Although some authors have begun to create quantifi-
cation cut-off values, a consensus has not yet been
established.'?15.26

These techniques use compression waves in the
megahertz range but it is also of interest to study the
frequency dispersion of the shear wave speed in the
50-500 Hz range%3! Nightingale et al. used shear
wave dispersion analysis in the bandwidth 73-298 Hz
and estimated the dispersion curve slope, which is
related to the viscosity. They found a correlation between
these parameters and fibrosis, but no correlation with
steatosis3?

Prior to the study of Nightingale et al., we developed
our own inverse problem to estimate the viscoelastic-
ity of the liver using a modified Fibroscan sequence.
Our main objective was to validate our algorithm as a
tool for detection and quantification of liver steatosis,
comparing healthy subjects and patients with steatosis
confirmed by liver biopsy. Our secondary objectives
were to describe the measured parameters in both
groups, to evaluate the impact of age on our mea-
surements and to study the correlation between our
measurements and an MRI fat estimation.

2 | THEORY
2.1 | Analytical expression of the shear
wave generated by the Fibroscan

The active part of the Fibroscan is a circular vibrator of
radius R = 4.5 mm which is applied perpendicularly
to the skin surface. This extended source, located in the
plane z = 0, works in a piston mode and generates a
uniform force a = (0, 0, a) over its surface S. The tempo-
ral evolution of the force f(t) is a one period of sinusoid
centered at 50 Hz. The induced tissue displacement
U,(z, t) on the symmetry axis z is a convolution between
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f(t) and the impulse response G,,(z, t) of the piston

Uy (z,8) = £(t) * Gz (z, 1) = F(t)
V224R2

o (t—1)dr, (1)

. aR? /SO
fo 3\/ 72 + R2 0

where pq is the mass density of the medium, and ¢, is
the shear wave speed in a purely elastic medium.23 Due
to the Dirac function presence in G,,(z, t), the integral
term is a temporal ramp t, which evolves between the

VZz2+R?
c

two times®t; = 0 to t, =

. Initially t; is zero

due to the high speed of the0 compressional waves
(1500 m/s), which implies a virtually instantaneous
propagation time for these waves compared to the
timescale of the shear wave c;, (which propagates on

VZz2+R?

the m/s order). Then t, =

and corresponds to

Si

the propagation time from the furthest source point,
which contributes to the radiation on axis. This integral
term is similar to the near field term of the elastodynamic
Green function for a point force at the origin in an infinite

medium with the axial distance z replaced by v/ z2 + R?

corresponding to the distance from the edge of the cir-

cular piston to the observation point located on z axis.3*

For the frequency analysis of the radiated wave, we

need to compute the Fourier transform of Equation (1),
V224R2

Cs,

0
which is proportional to F(w) f
0

,which is situated in front of the

te~™“!dt. The propor-

2
tionality term is ;L
0 724R?
integral. The first term F(w) is the Fourier transform of

the Fibroscan temporal excitation f(t). The second term
is estimated using an integration by parts that gives

Vz2+R2

Cso

/ te~i®tdt

0

. Vz24R2 . Vz24R2
\/ 72 2 jw ——— —iw ———
=i2 1+/wz—+R_e sq e sq
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For a given angular frequency w, this diffraction term
only depends on the distance 1/z2 + R2 and for large z,

-2z
iz

e %o . Thus the tissue

Equation (2) may be written
@Cs
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displacement u,(z, ) is expressed as

. . W
_ iR Flw) e
poz? @Cs,

®)

u, (z,w)

In the experimental part of this study, we use a tissue
Doppler algorithm to estimate the axial particle velocity,
then for inverse problem solving, we need to determine
the analytical expression of the tissue particle velocity
v,(z,f). This is simply obtained by multiplying the tis-
sue displacement u,(z, f) by —iw. Finally, we obtain the
required expression

aRPF (1) 1 i

(4)

27f . .

where k = Ci is the shear wave number in an assumed
S0

purely elastic media* The shear velocity can be

expressed as Cs, = £ with u the shear elastic mod-

ulus. In a purely elastic osoft media, the wave speed c;,
is independent of the frequency. In the human body, the
soft tissues are mainly composed of water and thus are
considered nearly incompressible; the Young modulus E
is linked to u by the relation E = 3u as the first Lamé coef-
ficient 4 is much higher than u. In Equation (4), the radi-
ated wave amplitude |v,(z, f)| is inversely proportional
to cg,, so the wave amplitude will be greater in a soft
liver with a low p than in a hard liver. We also note that
the spatial decay is inversely proportional to the square
of the distance z.

Using a rheological model, viscoelasticity can be
introduced®® by a complex elastic modulus G (f) =
G’ (f) +iG"(f), which implies a complex wave number

2nf

K=o

—ia(f) ®)

where «(f) is the frequency dependent attenuation coef-
ficient. The phase velocity is expressed as ¢ (f) =
2xf/RIk(f)] and, compared to cs,, is modified by the
shear viscosity term G’ (f). Finally, the particle velocity
of the attenuated wave generated by the Fibroscan in
the viscoelastic liver for large z is expressed as

2 —a(f)z _;27"
aR“E(f) e« o 0 )
poCs () 22

v, (z,f) =

It is interesting to note that in a viscoelastic medium,
both the shear velocity c4(f) and the attenuation coef-
ficient a(f) depend on the frequency f. These acous-
tic parameters are linked to the tissue’s biomechanical
parameters through a rheological model.
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FIGURE 1
transient temporal excitation f(t) is the same for these two elastograms

2.2 | Estimation of the group velocity
The classical measurement of the Fibroscan estimates
the group velocity of the wave packet created by the
vibrator situated at the surface of the skin above the
liver. This group velocity is estimated from the slope of
the spatio-temporal elastogram?’ (Figure 1).

The frequency bandwidth is 25-85 Hz, and the maxi-
mum amplitude of the shear wave is situated at around
50 Hz. This group velocity Cgjp, corresponds mainly
to the phase velocity where the wave amplitude is the
greatest, that is, at 50 Hz. From this velocity cgj,,, and
assuming a purely elastic medium (which is not valid
in the case of viscoelasticity), the shear elastic modu-
lus uribro €an be computed using the relation ugipo =

Po Cripro-

2.3 | Estimation of phase velocity
dispersion c,(f)

Muller et al3! extracted the phase velocity c,(f) from the
phase @ (z, f) = —Rel[k(f)]z of v,(z, f) unwrapped along
the z-axis for each frequency. The phase is fit along the
distance z to retrieve the real part of the wave num-
ber k(f) for each frequency. The number of points used
for the linear fit is adjusted for each frequency because
attenuation limits the propagation distance of the high-
frequency components of the shear wave. The auto-
matic choice of this number of fitting points is based
on rejecting the unaligned points at high frequency
(large values of z), which would dramatically decrease
the quality of the wave number estimation. Nightin-
gale et al>? used space and time 2D Fourier transform
v,(f,, f) of the elastogram v,(z, t) and estimated for each
frequency f the position f, = 1/1 corresponding to
the maximum of the spatial spectrum. The velocity is

Depth (cm)

+30dB

+20dB

~+10dB

| - -0dB

A
40 50
Time (ms)

Example of in vivo spatio-temporal wave particle velocity v_z (z,t) in the liver for a healthy volunteer (a) and a patient (b). The

obtained for each frequency with the relation cg (f) =
f/fZMax '

Leclerc et al*® used Magnetic Resonance Elastogra-
phy, with an identification method estimating the wave-
length on MRI phase images for different frequencies
in the direction of the shear wave propagation. For our
method, we adapted this idea to 1D transient elastog-
raphy. For each frequency, we normalized the in vivo
axial particle velocity v,(z, f) by the axial particle veloc-
ity v,(zq, f) obtained for the first acquired point at the
distance zy. The ratio ©O(z, zp, ), which is a complex
number A + iB, follows the analytical relation given by
Equation (7) with Az = z—z,

e—a(f)Az ®

v, (z,f) e—imAz

v, (z0.) (z/z,)°

_eoihaz 2 .. (2
" (2/20) (cos(522) =19 F52))

()

U (z,2zq,f) =

This normalization enables the real part R[O(z, zy, f)]
of O(z,zy,f) to start at the unit value and the
imaginary part [[O(z,zy,f)] to start at the value
zero.

One can observe in Figure 2a the 1/f evolution
of the 2D wave field pattern, which is in agreement
with the decrease of the wavelength with frequency
A (f) = c4(f)/f . Using a nonlinear least squares solver,
we conjointly fit the real and imaginary parts of the
in vivo data as a function of z with the theoretical
model O(z, zy, f) given by Equation (7). The two vari-
ables to be identified are the attenuation «(f) and
the wavelength A(f) for a particular selected fre-
quency f. In Figure 2b, we clearly see the quadrature

between the real part cos(%Az) and the imaginary
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(a) Real part R[O(z, zy, f)] of the experimental data U(z, z, f) in the bandwidth (25 Hz-70 Hz) as a function of the axial distance

z for a volunteer. The phases at the origin are zero. When frequency increases, the wavelength 1 decreases and the number of waves in the
fixed analysis distance (i.e., [3.5 cm—6.5 cm]) increases. (b) Real part R[O(z, zo, f = 50Hz)] (black continuous line) and the imaginary part
S[O(z, zg, f = 50Hz)] (red continuous line) of the experimental data U(z, zy, f) overlayed with the theoretical propagation model (dashed lines)
of (7). These data are computed at 50 Hz at the vertical line position of Figure 2a

part —sin(%Az) of U(z, zp, f), and the decay of the

wave magnitude as a function of the propagation dis-
tance z. The shear velocity c(f) is then deduced from
the wavelength A(f) obtained for each frequency by the
relation ¢ (f) = A(f) - f. This method is well adapted for
in vivo data because the algorithm is mainly influenced
by O(z, zy, f) for a distance z near to z,, where the signal-
to-noise ratio is high. The quadrature between the real
and imaginary parts of O(z, zy, f) is also useful for the
identification algorithm, because background noise is
inconsistent with this property. From the curve shown in
Figure 2b,we obtained A (f = 50 Hz) = 2.5 cm with the
inverse problem solving, namely Csexp (f = 50Hz) =
1.25m/s. At the end of this multi-frequency procedure,
we experimentally obtained the dispersion curve Cseoxp (f).
With Equation (7), it is theoretically possible to estimate
both c4(f) and a(f) from experimental data. The atten-

e—alhz

uation is estimated from the = part of Equation (7),
namely the additional deviation from the predictive
diffraction proportional to 1/22. In practice, it is difficult
to accurately estimate this attenuation coefficient in
vivo in the liver due to the highly variable amplitude
evolution of the shear wave during its propagation. For
example, if the liver is not purely homogeneous in the
selected region of interest (ROI) and if the elasticity
slowly decreases with z, the shear velocity will then
decrease, and the amplitude of the wave will increase
with z since c; is at the denominator of Equation (6). In
this case, it is possible to have an amplitude decrease
of the wave inferior to diffraction prediction, which is
interpreted by the algorithm as a negative viscous atten-
uation. The positions of the vibrator between the ribs
can sometimes also influence the decay of the shear
wave with z. For these reasons, we only focused on
the dispersion analysis of the shear velocity cs(f) with
frequency.

2.4 | Voigt rheological model

We chose the simple Voigt model with the viscoelastic
parameters (u, n) where u is the shear modulus, and 7
is the shear viscosity. We chose this rheological model
because there are few parameters to estimate, and with
this model, the shear velocity c4(f) dispersion curve at
low frequency is simply adjusted by the ratio nw/u, which
enabled us to estimate »n considering the value of the
shear elastic modulus u. The relation between c(f) and
(1, n) is given by Catheline et al.3”

2 212
o (= |—2Ure) (®)

po (1 + ViZ ¥ a7

with w = 2zf. The viscoelastic parameters u and 7
can be easily obtained by fitting the model Equation (8)
to the dispersion curve Csexp (f) obtained experimentally.
In the liver, we typically obtain cs(f = 0) ~ 1m/s and
n~1 Pa-s,giving a shear parameter u = py ¢2 (0) =
1 kPa. With these viscoelastic parameters of the liver,
w?n?/u? = 0.1 at 50 Hz. At this frequency, the shear
wave is not evanescent, and the viscous effect wz is
small compared to elasticity u. Using the Taylor series
expansion of Equation (8) for w?s?/u? — 0, Equation
(8) can be simplified

Cswznz/uz_,o (f) = cs, <1 + 57 ©)

where ¢, = Cs,2,2 )20 (0) = v/u/pg is the shear wave
velocity in a linear purely elastic medium. Equation
(9) shows that the viscous effect modifies the shear
phase velocity in function of the frequency and the rela-
tive velocity variation (Csw2n2/u2—>o(f) — Cs,)/Cs, is simply
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FIGURE 3 Shear wave dispersion curve between [20 Hz—70 Hz]

for one volunteer and one patient overlayed with the theoretical Voigt
model given by (9)

§(ﬂ)z. In the Voigt model, the ratio between the imagi-
nary part and the real part of the complex elastic modu-
lus G = u + inw controls the dispersion curve. Thereby,
for a constant value of viscosity 7, the rate of slope
a%c _ 37252
= Vol
a stiff liver (i.e., with high 1) than for a soft liver. Inversely,
with an identical variability of the dispersion curve but
simply positioned at a different position on the vertical
axis (i.e., different s (f = 0) = pﬁo ), the resulting viscos-

ity n will be estimated lower by the algorithm for a soft
liver than for a stiff liver. It is interesting to note that with
Equation (9), the shear elasticity u is estimated by the
fitting algorithm from the origin position ¢5(f = 0) of the
dispersion curve c4(f). The algorithm extrapolates this
position because no measurement is obtained at zero
frequency. The shear viscosity coefficient  is estimated
to follow the frequency evolution of Cswznz/ﬂzqo(f) with u

fixed. Because the c(f) curve is an increasing function
with f, shear elasticity coefficient ;g corresponding to
¢s(0) is lower than ugip,, obtained from the group velocity
situated mainly at 50 Hz. This group velocity is impacted
by viscosity, which stiffens the liver. This remark is signif-
icant because, with a spectroscopy method, we can sep-
arate the effect of elasticity from the effect of viscosity if
the organ follows the selected rheological model behav-
ior.

In Figure 3, we assume a parabolic evolution of
these curves even if the red dispersion curve seems
to decrease for frequencies >50 Hz for the patient. For
these acquisitions, the estimated viscoelastic parame-
ters are u = 1.21 kPa, n = 1.23 Pa - s for the volunteer
and u = 1.59 kPa, n = 2.84 Pa - s for the patient. We
carried out 10 successive measurements and computed
the median and interquartile range for the statistical
analysis.

change with frequency will be smaller for

3 | MATERIALS AND METHODS

3.1 | Study design

This was an interventional, prospective, and single
center study. Subjects were enrolled at the University
Hospital of Tours between April 2013 and November
2015. The study was registered on ClinicalTrials.gov
(NCT02575625) and was approved by a local ethics
committee.

Our first step was to conduct a feasibility trial on a
small number of healthy volunteers to develop our algo-
rithm; its results, having no clinical implications, will not
be detailed. Then we conducted a second trial compar-
ing healthy volunteers to patients with steatosis without
severe fibrosis.

3.2 | Patients

All healthy volunteers and patients gave their written
informed consent. Neither pregnant women nor persons
under guardianship were included.

Inclusion criteria for healthy volunteers were: age
ranging from 18 to 65 years old, none or restricted alco-
hol consumption (< 20 g/day for women or <30 g/day for
men), normal liver enzyme levels, and normal liver MRI.
Inclusion criteria for patients were: steatosis assessed
by a liver biopsy performed during the month before
inclusion and scored using the steatosis, activitiy and
fibrosis (SAF) score 2339 or during the preceding 2 years
associated with an MRI confirming steatosis passed
within the preceding month and persistently elevated
liver enzymes.

Most of the exclusion criteria were common to both
groups: presence of any liver tumor, ascites, infection
caused by hepatitis virus or human immunodeficiency
virus, exposure to poisonous chemicals (drugs, paints
or solvents) during the last 4 weeks, known metabolic
liver disease, autoimmune hepatitis, and contraindica-
tions to MRI. Specific exclusion criteria were the discov-
ery of steatosis on imaging (US or MRI) during the trial
for supposedly healthy volunteers, and the presence of
severe fibrosis (fibrosis > F2 using the SAF score) on
the patients’ liver biopsy.

3.3 | Clinical, laboratory, and imaging
data collection

Demographic and clinical information were recorded
for each participant: age, sex, body-mass index, blood
pressure, daily alcohol consumption, history of dis-
eases. Fasting blood samples included dosage of liver
enzymes, prothrombin time, cholesterol, triglycerides,
glycemia, Hba1C, and insulinemia.
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If liver MRI had not been performed before inclusion,
then it was conducted after inclusion on an Ingenia 1.5T
MRI system (Philips, The Netherlands). Axial triple echo
gradient in-phase and out-phase sequences were per-
formed on the liver to calculate fat fraction quantitatively
on three different ROI within the liver with a dedicated
program that included a correction for iron overload; the
final result being the mean of the three ROI measure-
ments.

Liver biopsy was performed before inclusion of the
patients, as part of regular care.

3.4 | Modified Fibroscan measurements
and posttreatment of data

Using an FS502 Fibroscan modified in partnership with
Echosens (Paris, France), we performed our measure-
ments on subjects positioned in dorsal decubitus, on an
optimal measurement spot previously defined by a mor-
phological US (good acoustic window and no blood ves-
sel in the area).

Thirty excitations were done with a temporal vibration
centered at 50 Hz, then the process was repeated cen-
tered at 75 Hz, for a total of 60 excitations per patient.
The acquired data were then stored and transferred
on a computer for processing. A MatLab (MathWorks
Inc., Natick, MA, USA) algorithm was used to compute
the values of elasticity («Voigt) and viscosity (nVoigt)
of the Voigt model, as detailed in the Theory section.
The Fibroscan default values (uFibroscan) were also
extracted.

Only acquisitions validated by the classical Fibroscan
algorithm were treated with the spectroscopy algorithm.
Practically speaking, the computing of one acquisition
(one excitation) required these steps: (1) The shear
wave was selected on the elastogram for analysis via
semi-automatic segmentation, and its Fourier transform
was calculated. (2) The Fourier transform was then
reviewed on a 2D graphic, and the optimal bandwidth
was selected manually. (3) Our algorithm estimated
uVoigt and nVoigt, and uFibroscan was extracted from
the data. (4) For each patient, the final measure was the
median of the parameters u and » calculated from the
validated excitations.

3.5 | Statistical analysis

Patients were described using quartiles for quantitative
variables, and numbers and percentages for qualitative
variables.

First, measured parameters between patients with
steatosis and healthy volunteers were compared using
Mann-Whitney tests. Then, for each parameter, an
receiver operating characteristic (ROC) curve was com-
puted, and its area under the curve (AUROC) was cal-

MEDICAL PHYSICS =%

culated. The same analysis was performed by using the
results of a logistic regression with steatosis diagnosis
as response variable and uVoigt and nVoigt as explana-
tory variables, at 50 Hz and 75 Hz.

For all subjects, the correlations between the mea-
sured Fibroscan parameters were evaluated using Pear-
son’s correlation coefficients and their 95% confidence
interval (Cl).

A correlation was also evaluated between uFibroscan
and the combination of the parameters uVoigt and
nVoigt. To do this, two logistic regressions were evalu-
ated, both with steatosis diagnosis as response variable:
the first was realized with uFibroscan as explanatory
variable and the second with x\Voigt and nVoigt as the
explanatory variables. Finally, a correlation between the
results of these two logistic regressions was performed
using Pearson’s correlation coefficient.

For the evaluation of the impact of steatosis stage
on measured parameters, we first calculated steatosis
stage using macrovesicular steatosis (MS) on histologic
evaluation: SO for MS < 5% ; S1 for 5% < MS < 33%,
mild; S2 for 34 < MS < 66%, moderate; and S3 for MS >
67%, marked.>® Then, we joined some stages and eval-
uated two groups: S0S1 comprising SO and S1 stages,
and S2S3 comprising S2 and S3 stages. After that, the
measured parameters between these two groups were
compared using Mann—Whitney tests. Finally, the ROC
curves were also computed and their corresponding
AUROC and 95% CI calculated.

Correlations between MRI fat fraction and Fibroscan
parameters were also evaluated, using Pearson’s corre-
lation coefficient.

For the evaluation of the impact of age on measured
parameters, we first separated the data of our healthy
volunteers into two groups; one with subjects <30 years
old, and the other with subjects >40 years old. Then, the
measured parameters of the two groups were compared
using Mann-Whitney tests.

Statistical analyses were performed using MatLab
release R2007b. A p-value of 0.05 was considered as
significant.

4 | RESULTS

4.1 | Study population characteristics

A total of 72 participants were enrolled in the study:
48 healthy volunteers and 24 patients with steatosis.
Nine participants were excluded: seven healthy volun-
teers (one discovery of a hepatic lesion, four had inter-
current elevation of liver enzymes, and two had steatosis
on imaging) and two patients (one discovery of severe
fibrosis and one withdrawn consent). Sixty-three partici-
pants finished the study, of which 11 had data that were
not of sufficient quality for analysis (nine healthy volun-
teers and two patients).
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TABLE 1 Healthy volunteers and patients’ characteristics
Healthy
volunteers (n = 22) Patients (n = 20)
Age (years) 29 (26-45) 55 (52-60)
Sex Male: 5 (22.7%) Male: 11 (55%)
Female: 17 (77.3%) Female: 9 (45%)
Weight (kg) 65 (56-72) 87 (74-91)
Height (cm) 162 (160-172) 171 (159-176)
Body mass index 23.7 (21.0-25.5) 29.2 (27.1-31.7)
(kg/m?)
Waist circumference 82 (75-88) 101 (96-108)
(cm)

Steatosis stage* S0:22 (100%) S1:6 (30%)
S2:9 (45%)
S3:5 (25%)

Estimated by MRI fat fraction for healthy volunteers (all values were < 3%), mea-
sured on histological examinations for patients, using the SAF score.

Of the remaining 52 participants, 10 were healthy vol-
unteers who participated in the feasibility trial, and 42
(22 healthy volunteers, 20 patients) in the main trial. The
clinical data of the 42 participants in the main trial are
available in Table 1.

Detailed pathological SAF score for each
patient is available in supplementary
material (Table S1)

4.2 | nVoigt and other parameters for
steatosis evaluation

nVoigt was significantly higher for patients with liver
steatosis (>S1) compared with healthy volunteers (S0),
both for the 50 Hz excitations (3.0 Pa-s [2.3-3.3] vs.
2.1 Pass [1.7-2.4]; p < 0.001) and for the 75 Hz
excitations (2.3 Pa-s [1.9-2.8] vs. 1.8 Pa-s [1.7-2.1];
p < 0.002). uFibroscan also presented higher values
for patients with steatosis (2575 Pa [2000-3117] vs.
1417 Pa [1183-1667]; p < 0.001) (Figure 4).

Combined nVoigt + uVoigt was significantly higher for
patients with liver steatosis compared with healthy vol-
unteers at 50 Hz (p < 0.001) and 75 Hz (p = 0.0028).

On the other hand, uVoigt was not significantly differ-
ent between the two groups, both for the 50 Hz excita-
tions (999 [681-1396] vs. 1091 [992—1274]; p = 0.54)
and for the 75 Hz excitations (1077 [793—1325] vs. 1064
[947-1226]; p = 1) (Figure 5).

4.3 | Diagnostic performance for
steatosis of nVoigt, uVoigt, and uFibroscan

Table 2 provides the characteristics of each Fibroscan
parameter for the diagnosis of steatosis. Comparing

healthy volunteers (S0) versus steatosis (> S1), our
measures of nVoigt had an AUROC of 0.814 (0.680—
0.947) for the 50 Hz excitations and 0.784 [0.642—0.926]
for the 75 Hz excitations. Conversely, uVoigt measures
had an AUROC of 0.557 (0.381-0.733) for the 50 Hz
excitations and 0.500 (0.323-0.677) for the 75 Hz exci-
tations (Figure 6).

uFibroscan had an AUROC of 0.891 (0.787-0.995),
while the combination of nVoigt and uVoigt had an
AUROC of 0.893 (0.790-0.996) for the 50 Hz excitations
(Figure 7), and an AUROC of 0.770 (0.625-0.916) for
the 75 Hz excitations (figure available in supplementary
materials (Figure S1)).

Combining S0 and S1 stages on one side and S2 and
S3 on the other,the AUROC:s for the diagnosis of steato-
sis >S2 with the 50 Hz excitations were of 0.875 (0.748—
1) for nVoigt, 0.587 (0.399-0.774) for uVoigt and 0.901
(0.786-1) for uFibroscan (Figure 8). With the 75 Hz exci-
tations, they were of 0.829 (0.684—0.974) for nVoigt,
0.469 (0.284—-0.655) for uVoigt,and 0.802 (0.649-0.956)
for uFibroscan (figures in supplementary materials [Fig-
ure S2]).

44 | Correlations between nVoigt,
uVoigt, and uFibroscan

Correlations between each parameters were assessed;
the coefficients are available in Table 3.

nVoigt and uFibroscan were well correlated, for the
50 Hz excitations and the 75 Hz excitations (r = 0.75
[0.58-0.86],p < 0.001 and r=0.62[0.43-0.8],p < 0.001,
respectively). On the other hand, u«\Voigt was not corre-
lated with uFibroscan (r = 0.03 [-0.26—-0.33], p = 0.868
for the 50 Hz excitations, and r = 0.07 [-0.24-0.36], p
= 0.679 for the 75 Hz excitations), was weakly corre-
lated to nVoigt for the 50 Hz excitations (r = 0.33 [0.03—
0.58] p = 0.0317), and was not correlated to nVoigt
for the 75 Hz excitations (r = 0.13 [-0.18-0.41] p =
0.425).

Logistic regression analyses found a good cor-
relation comparing uFibroscan with the combination
of nVoigt and uVoigt (r = 0.776 [0.618-0.874] p <
0.001).

4.5 | Correlation between the Fibroscan
parameters and MRI fat fraction

nVoigt was moderately correlated with MRI fat fraction
(r = 0.49 [0.21-0.69], p = 0.0013 and r = 0.34 [0.03—
0.58], p = 0.03 for the 50 Hz and 75 Hz excitations,
respectively), as was uFibroscan (r = 0.54 [0.28-0.73],
p < 0.001). On the contrary, uVoigt was not correlated
with MRI fat fraction (r = 0.16 [-0.15-0.45], p = 0.3 for
the 50 Hz excitations and r=0.13[-0.19-0.42],p = 0.43
for the 75 Hz excitations).
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TABLE 2 Comparison of Fibroscan parameters for the diagnosis of steatosis. Values are expressed as median and quartiles. AUROC: area
under the receiving operator curve; Cl, confidence interval; (IQR), interquartile range

Healthy

Patients volunteers

(median (median AUROC (95% Sensitivity Specificity
Parameter value/IQR) value/lIQR) p-value Cl) (95% ClI) (95% ClI)
nVoigt (50 Hz) (Pa.s) 3.0 2.1 <0.001 0.814 70.0 90.9

(2.3-3.3) (1.7-2.4) (0.680-0.947) (49.9-90.1) (78.9-100.0)
nVoigt (75 Hz) (Pa.s) 2.3 1.8 0.002 0.784 65.0 77.3

(1.9-2.8) (1.7-2.1) (0.642-0.926) (44.1-85.9) (59.8-94.8)
uVoigt (50 Hz) (Pa) 999 1091 0.537 0.557 50.0 77.3

(681-1396) (992-1274) (0.381-0.733) (28.1-71.9) (59.8-94.8)
uVoigt (75 Hz) (Pa) 1077 1064 1 0.500 60.0 45.5

(793-1325) (947-1226) (0.323-0.677) (38.5-81.5) (24.6-66.3)
uFibroscan (50 Hz) (Pa) 2575 1417 <0.001 0.891 80.0 955

(2000-3117) (1183-1667) (0.787-0.995) (62.5-97.5) (86.8-100.0)
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TABLE 3 Correlations between each of the different parameters
uFibroScan uFibroScan
nVoigt (75 Hz) uVoigt (50 Hz) uVoigt (75 Hz) (50 Hz) (75 Hz)
nVoigt (50 Hz) r=0.86 r=0.33 r=0.17 r=0.75 r=0.79
p < 0.001 p=0.03 p=0.27 p < 0.001 p < 0.001
nVoigt (75 Hz) r=0.27 r=0.13 r=0.62 r=0.65
p=0.08 p=0.43 p < 0.001 p < 0.001
uVoigt (50 Hz) r=0.78 r=0.03 r=0.09
p < 0.001 p =0.868 p=0.58
uVoigt (75 Hz) r=0.07 r=0.1
p=0.68 p=0.53
uFibroScan r=0.94
(50 Hz) p < 0.001
4.6 | Impact of age on the measured increased viscous component compared with livers of

parameters

There was no significant difference for all measured
parameters between the two groups (p value ranging
from 0.42 to 1).

5 | DISCUSSION

In this in vivo study, we have successfully applied a
spectroscopy method associated with a Voigt rheolog-
ical model on data acquired with a modified Fibroscan,
enabling us to estimate the two components of the com-
plex shear modulus of the liver:its shear viscosity and its
shear elasticity. Among the parameters evaluated in our
study, nVoigt and uFibroscan where good indicators of
the modifications of the viscous component of the liver
induced by steatosis, and uVoigt was not. These findings
were coherent with the Voigt model, and our expecta-
tions.

When comparing patients with healthy volunteers,
we found that uFibroscan was significantly higher in
patients than in volunteers, with a good diagnostic per-
formance for steatosis diagnosis (AUROC = 0.891), this
indicated that either viscosity or elasticity or both were
increased in the patients’ livers. When discriminating
the viscoelastic components, we found that n\Voigt was
significantly higher in patients with steatosis, whereas
there were no significant differences for y\Voigt between
the two groups. To confirm these results, we found that
nVoigt presented a good diagnostic performance for
steatosis comparing healthy volunteers versus patients
with steatosis (AUROC = 0.814 and 0.784 for the 50 Hz
excitations and 75 Hz excitations, respectively) and an
even better one comparing grouped S0/S1 patients ver-
sus > S2 (AUROC = 0.875 for the 50 Hz excitations).
These results show that livers of patients with steato-
sis without or with low-grade fibrosis presented only an

healthy volunteers, with no modification of the elastic
component.

The originality of our method is the separated extrac-
tion of the elastic and the viscous components of
the liver, that is, extracting uVoigt and »nVoigt from a
Fibroscan acquisition by fitting the Voigt model to phase
velocity data. In this context, it was necessary to observe
whether the combination of these two parameters was
correlated with uFibroscan obtained from the group
shear wave speed at 50 Hz and compare the results
concerning the differences between the two groups of
patients. After realizing two logistic regressions, which
allowed us to compare the combination of uVoigt and
nVoigt versus uFibroscan, we found a good correlation (r
= 0.78) between the two criteria and also similar AUROC
(0.893 and 0.891, respectively) for discriminating both
groups. This strongly suggests that the two extracted
parameters uVoigt and nVoigt could be well correlated
to liver stiffness and viscosity, respectively.

One of the reasons we used the Voigt model was its
ease of use and its dispersion curve adjusted by the
ratio nw/u at low frequency, which was of interest in this
setup. However, the comparison between experimental
data and the Voigt model is not perfect. Future work
could be conducted in this direction to use another rheo-
logical model, for example the Biot model, which consid-
ers the presence of fluid (blood) in the liver*® For mea-
surements, other methods to estimate the phase velocity
¢s(f) evolution from the unwrap phase at each frequency
could also be done. This would require taking all the data
and analyzing it differently.

In the study by Nightingale et al.*>? the Voigt model
was not taken into account due to its complexity with
upward and downward curvature of c¢(f) with frequency.
Nevertheless, for a low viscous effect compared to the
shear elastic modulus ('77&’ < 1), the shear velocity c4(f)

evolution is quadratic with frequency and is easy to fit
using a nonlinear minimization method even in noisy
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measurements. Nightingale et al.3? used a linear model

cs (f)=cy + %f where ¢y is the intercept at zero fre-

dcs . . .
quency, and d—fs is the dispersion slope. Measurements

at 200 Hz obtained from the dispersion curve c4(f) are
also recorded in their work for comparison with the
group velocity measurements obtained using Acoustic
Radiation Force Imaging (ARFI)/Shear Wave Elastog-
raphy Imaging. Nightingale et al. found no correlation
between steatosis and any of the material model param-
eters, as evidenced by the AUROC values near 0.5 for
each parameter. Their method required the use of an
assumed material model, that is, the linear dispersion
model in her case, and thus, conclusions drawn are sub-
jectto the validity of the assumptions in the model. In the
work of Nightingale et al., the linear slope recorded from
the patients is not compensated by shear elasticity mag-
nitude as is the case with the Voigt model. In our work, a

low c4(f) dispersion evolution, which is driven by g(%)z,

is not necessarily related to low viscosity 7, but to a low
ratio of viscosity to elasticity. This can result in fairly high
viscosity values if, for instance, the shear elastic modu-
lus u is very high, which would result in a low viscos-

ity to elasticity ratio. Thus, a small dispersion curve %

in Nightingale et al.’s findings can correspond to a high
viscosity with our inverse problem. Inversely, in Nightin-

gale et al’s Figure 6, where the dispersion curve d—cfs is

plotted as a function of ¢5(200 Hz), two different mea-
surements situated at the same ¢4(200 Hz) but with dif-
ferent slopes will be quantified as different in Nightingale
etal’s study but may give the same shear viscosity 7oigt
with our analysis. In this particular case, the two c(f)
curves cross each other at ¢4(200 Hz) at 200 Hz, but the
higher slope curve would, for example, give a small value

of uyo! estimated at zero frequency, and a high g2

Voigt
ratio. Alternatively, the lower slope curve would give a
high value of “\H/é?gt estimated at zero frequency and then

gt . . . .
a low "V,‘j'igL ratio. Thus, two different dispersion slopes

Voigt
can give the same shear viscosity 7yig- For these rea-

sons, the results obtained from these two different spec-
troscopy analyses are difficult to compare.
Nevertheless, as mentioned above, we found that
uFibroscan extracted from the standard group velocity
method was significantly higher in patients than in volun-
teers, with a good diagnostic performance for steatosis
diagnosis (AUROC = 0.891). This result is not consistent
with some of the literature using ARFI3241 For exam-
ple,in the study of Nightingale et al.,3? the group velocity
obtained by ARFI has an AUROC value of 0.49 for sepa-
ration of steatosis grade < S1 and > S2. However, other
results published in 2017 show the same trend as ours.
Guo et al*? evaluated the utility of ARFI in determining
the severity grade of steatosis in rat livers and to inves-
tigate the changes in various histologic and biochemical
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characteristics. Steatosis was induced in the livers of 57
rats by gavage feeding of a high fat emulsion; 12 rats
received a standard diet and served as controls. They
found a higher shear wave velocity (SWV), measured
with the ARFI method, in the fatty liver group than in
the control group (respectively SWV = 2.83 + 0.37 m/s
vs. 2.25 + 0.52 m/s). SWV measurements had a high
accuracy in predicting steatosis grade (> S1), with an
AUROC of 0.82, and the optimal cutoff value was 2.59
with a sensitivity of 88% and specificity of 76%. More-
over, recent clinical studies showed that steatosis could
induce an overestimation of fibrosis with the Fibroscan
measures,*>** although this remains open to debate*®

We found that uFibroscan was moderately correlated
with MRI fat fraction (r = 0.54), and when separating the
liver viscoelastic components, we found a similar moder-
ate correlation between nVoigt and MRI fat fraction (r =
0.49) and an absence of correlation between ¢Voigt and
MRI fat fraction (r = 0.16). These moderate correlations
could be due to the inherent inhomogeneity of steatosis
in the liver: our VCTE spectroscopy measurements and
the liver biopsies were performed in similar areas of the
liver, whereas the MRI fat fraction ROls were placed in
three different parts of the liver. Nevertheless, we have
shown that shear viscosity nVoigt was positively corre-
lated with the stage of steatosis. This may suggest that
the sensitivity of the n\Voigt parameter to steatosis may
be based on physical reasons other than the percent-
age of fat. Furthermore, the analysis of the influence of
the liver blood perfusion on the viscoelastic parameters
obtained by shear wave spectroscopy and the quantifi-
cation of the possible relation between steatosis grade
obtained by MRI and liver blood perfusion may be of fur-
ther interest. Recent ultrasensitive US Doppler methods
open these possibilities with*® or without*’ the use of
US contrast agents.

Unfortunately, we could not directly compare our
method with CAP because it was not available to
us when we conducted the study, and our FibroScan
data cannot be used to calculate CAP retrospectively.
However, nVoigt for the 50 Hz excitations presents an
AUROC of 0.814 (0.680-0.947) for the diagnosis of
steatosis SO versus >S1,which is a similar value to what
Karlas et al. found for CAP in their recent meta-analysis
(AUROC of 0.823 for steatosis SO versus >S1).48

Several limitations are worth mentioning. Firstly, we
had a relatively small study sample due to our restric-
tive exclusion criteria and our single center recruitment.
Recruitment within a year of patients with steatosis
confirmed by liver biopsy but without a severe fibro-
sis (fibrosis > F2 using SAF score) was limited. A sec-
ond limitation was the difficulty in obtaining valid mea-
surements on a number of obese patients with the
Fibroscan M probe, furthermore, a dedicated study eval-
uating the performance of nVoigt measurements with
the Fibroscan XL probe would be useful. Finally, we did
not assess the reproducibility of the acquisition and the
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postprocessing. We did however use the median of mul-
tiple measurements (we excluded those not validated by
the standard Fibroscan algorithm) in order to have more
reliable values, thus limiting intraobserver variability.

6 | CONCLUSION
We present a promising novel method of assessing liver
steatosis using shear wave spectroscopy and disper-
sion analysis with the FibroScan. The diagnostic perfor-
mance of the method seems comparable to CAP, and
its major advantage is the separate evaluation of liver
shear elasticity and shear viscosity, this evaluation could
in turn decrease the rate of false positives of fibrosis
with the FibroScan in patients suffering from steatosis.
However, additional studies to evaluate the technique
are warranted, notably in terms of reproducibility, the
possibility of steatosis grading, and measurements of
elasticity with the Voigt model for fibrosis evaluation.
Finally, as mentioned in the discussion, the analy-
sis of liver blood perfusion conjointly with the liver vis-
coelastic moduli could provide additional information
that would explain the increased shear viscosity during
steatosis.
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