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Abstract— Multi-parametric ultrasound imaging is a
promising tool for quantification of nonalcoholic fatty
liver disease. In this work, a protocol of plane wave
quantitative ultrasound (QUS) and shear wave
elastography imaging (SWEI), quasi-simultaneously
acquired, and dedicated to the quantification of liver
steatosis on in vivo fatty duck livers is presented. Shear
wave velocity was estimated to classify stiffness in duck
liver tissues. QUS consisted in the local attenuation
coefficient slope estimated with the spectral log
difference method, and coherent-to-diffuse signal ratio
computed from homodyned-K parametric maps. SWEI
revealed a constant increase of the liver stiffness over
the 16-days feeding process. After 9 days of feeding,
ultrasound attenuation reached a maximum and the
coherent-to-diffuse signal ratio reached a minimum.
Coupled together, SWEI and QUS promise a strong
potential for steatosis monitoring of fatty liver tissues,
in ducks or humans.
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I. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is one of
the most prevalent liver disease in Western countries,
affecting 20-30% of the general adult population and an
estimated 200 million individuals with an advanced form
known as non-alcoholic steatohepatitis (NASH) [1]. Current
clinical practices include biopsies, computed tomography,
or magnetic resonance imaging for NAFLD diagnosis.

Ultrasound techniques may allow cost effective
imaging and are promising for early steatosis grading and
prognosis [2]. However, ultrasound techniques do not
estimate the fat fraction directly but instead provide
physical biomarkers such as tissue elasticity, ultrasound
attenuation, speed of sound, spectral backscattering
properties, or scatterers’ acoustical properties and spatial
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organization through echo-envelope statistics as an indirect
measure of fat content. Multi-parametric methods have
recently offered the promise of increasing the diagnostic
performance accuracy for steatosis, NASH and fibrosis
classification by coupling elastography with spectral based
features for tissue characterization [3].

In this study, fat growth in 16 mulard ducks’ liver,
which were being raised for commercial foie-gras
production, was investigated during mechanical feeding.
The mulard ducks (Anas platyrhynchos domesticus x Cairina
moschata) have the ability to develop extreme but
reversible steatosis under controlled mechanical feeding
for foie gras production, which has been well reported in the
literature [4,5]. The liver fat fraction can rise from negligible
to higher than 60% in only two weeks of mechanical
feeding.

The main purpose of this study was to design an in
vivo duck liver multi-parametric ultrasound imaging
protocol that could be utilized during mechanical feeding.
The portability of ultrasound scanners made it possible to
perform the ultrasound imaging sessions directly at a farm
for liver steatosis monitoring.

II. METHODS

A. Animal Procedure

Sixteen mulard ducks housed in a farm were included
in this study. The study was approved by the Institutional
Animal Care Committee of the University of Montreal
Hospital Research Center. The feeding process was planned
in two parts: pre-feeding for 16 days (from d-15 to d0),
followed by 16 days of mechanical feeding (from d1 to d16).
During the mechanical feeding process, ducks were fed
twice a day with an increasing amount of re-humidified full
corn grains (approximately 350 g per feeding at the
beginning and 650 g at the end, composed of 40% water and
60% dried corn grains). Imaging sessions were conducted
at four time points along the feeding process (d-10, d2, d9
and d16). During experiments, animals were awake and a
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veterinarian handled them to perform ultrasound scans in
the farmhouse. A small patch of feathers were plucked off
the outer skin over the liver’s position and cleaned up with
water and alcohol before applying acoustic coupling gel for
ultrasound imaging. At the end of the feeding duration,
animals were sent to a slaughterhouse where further
industrial processes could be followed in view of
commercialization.

B. Ultrasound Acquisitions

Ultrasound data acquisitions were performed in the
farmhouse with the help of a veterinarian using a portable
research ultrasound system (Verasonics V1 programmable
scanner, Verasonics, Kirkland, WA, USA) and an ATL L7-4
linear probe with a central frequency of 5 MHz (Philips,
Bothell, WA, USA). The acoustic push centre under the duck
skin and the fat layers were manually selected at a depth of
at most 1 cm within the liver. Each acquisition recorded 100
plane wave frames at a rate of 3.086 kHz for QUS imaging. It
was immediately followed by focusing 3 acoustic pushes
similar to the supersonic imaging protocol, lasting 198.4 us
each and separated by 2.5 mm in depth for SWEI, where 100
frames were acquired at a rate of 3.623 kHz for shear wave
tracking. Each animal underwent two to four acquisitions in
one session. Figure 1(a) represents a schematic diagram of
the experiments. A separate reference acquisition for QUS
was carried out on an industrial reference 117GU-101 CIRS
phantom (Norfolk, VA, USA, with an attenuation aref= 0.72
dB.cm1.MHz!, and a backscatter coefficient BSCrer (at 3
MHz) = 1.24 x10-3 strl.cm).

C. Shear Wave Speed Estimation

The Young’s modulus of the liver can be computed
from the phase velocity ¢, , as E = 3pc¢,2, where p is the
mass density of the medium. The shear wave phase velocity
was estimated to characterize the liver stiffness using linear
fitting of the phase function at a shear wave frequency of
400 Hz along the lateral position x, as detailed in [6]. A
square region-of-interest (ROI) measuring 1 cm x 1 cm was
selected within the imaged liver tissue assuming a
homogeneous purely elastic medium [7], and the phase
velocity was estimated within this ROI. The quality of the
linear fit of the phase velocity function was assessed via the
coefficient of determination ( R? ) for goodness-of-fit
estimation. The estimated shear wave velocity was
accepted for R? > 0.9 [8]. For each duck and imaging
session, the estimated shear wave speed (SWS) values
meeting this criterion were averaged out to a single value of
shear wave speed.

D. Local Attenuation Coefficient Slope Estimation

The local attenuation coefficient slope (ACS) was
estimated with the spectral log difference (SLD) method, as
described in [9]. Radiofrequency (RF) beamformed data
were averaged over the acquired 100 frames. The

parameter estimation region (PER) size was selected to be
20 scan lines in the lateral direction, and 40 pulse lengths in
axial direction. Proximal and distal windows within the PER
were 20 pulse lengths long the axial direction. The overlap
was 75% in lateral direction and 87.5% in axial direction.
ACS maps were averaged over the segmented liver region
for each acquisition. Finally, ACS values were averaged to
provide a single value of ACS per duck per imaging session.

E. Coherent-to-diffuse ratio Estimation

The statistical distribution of the echo envelope of RF
signals [10] was modelled with the homodyned K-
distribution, as explained in [11, 12]. A sliding window of
140x17 pixels?, approximately 5 mm x 5 mm in axial and
lateral directions, was swept across the segmented region
within the liver by steps of 7x1 pixels?, and computations
were performed within the sliding window, as explained in
[13, 14]. Readers may refer to [14-17] for more details on
homodyned-K features estimation. In this work, the analysis
was presented for the parameter k, representing the
coherent-to-diffuse signal ratio, which is related to the
presence of structures within the spatial organization of
scatterers, or the presence of specular reflection. The mean
and interquartile range (IQR) were computed and their
median values over all frames are reported.

III. RESULTS

Results are presented in Figure 1, where it can be
observed that all estimated features individually exhibited
significant trends (p < 10-3, Kruskal-Wallis rank-sum tests)
during the mechanical feeding. Changes can be observed
after only 2 days of mechanical feeding (i.e., between d-10
to d2) indicating the beginning of pathological changes in
the liver tissue structure. Figure 1(b) shows increment in
shear wave speed over the feeding period. As it can be
observed from the figure, after the completion of
mechanical feeding, the average shear wave speed in duck
livers had doubled from 0.94 + 0.09 m/s to 1.89 + 0.19 m/s.

Figure 1(c) and (d) present changes in local ACS and
coherent-to-diffuse signal ratio during the mechanical
feeding process. After 9 days of mechanical feeding, the
attenuation reached a maximum, and the coherent-to-
diffuse signal ratio reached a minimum. In fact, the increase
in local ACS was from 0.64 + 0.08 dB/cm/MHz at d2 to 0.91
+0.11dB/cm/MHz at d9, but it then decreased to 0.69
+0.07 dB/cm/MHz at d16. A similar inverse behavior was
observed for the coherent-to-diffuse signal ratio. The
behavior of these features suggest a change in the nature of
scatterers and could be due to microscopic changes
occurring at cellular scale during the steatosis progression
with a fat fraction expected by be higher than 60%.

Furthermore, the number of SWEI acquisitions per
session that could be utilized (R? > 0.9 criterion for linear
fit) for the shear wave speed computation decreased along
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Figure 1. QUS+SWEI imaging of duck fatty livers. A. Schematic representation of the experiment. Sixteen duck livers were imaged
in vivo during the mechanical feeding process. B. C. and D. are, respectively, the shear wave speed, the local attenuation coefficient
slope, and the coherent-to-diffuse signal ratio in duck livers during the feeding process. ‘d-10’ stands for 10 days before the start
of the mechanical feeding, whereas d2 to d16 correspond to the number of days of feeding. (*p<107)

the mechanical feeding process showing a degradation of
the SWS estimation. This might be caused by measurement
noise arising due to pushing beam defocusing by fat intake,
which resulted in acoustic energy loss. Thus, even though
the shear wave speed estimation provided a monotonic
trend and an interesting classification performance, it
cannot be reliably used exclusively in thick fat tissues due
to the greater amount of unreliable data along the process.
Thus, coupling of SWEI with QUS together may promote a
stronger potential for steatosis grading, and paves the way
for human liver studies.

IV. DISCUSSION

The effects of controlled liver fat intake on state-of-
the-art ultrasound biomarkers in healthy to heavily
steatosed duck livers were investigated in 16 mulard ducks
in vivo. It was hypothesized that the duck liver was
homogeneous and estimated features were averaged over
the segmented region. SWEI results disclosed that the shear
wave speed almost doubled since the first acquisition was
performed at the beginning of the pre-feeding to the last
acquisition performed after 16 days of mechanical feeding.
This suggests that the stiffness of duck foie-gras is
distinguishably higher than healthy duck livers [18].

The local attenuation coefficient slope trend was
observed to be increasing up to day 9 and then decreasing
as the fat amount grew in excessive quantity. An
explanation could be found in the paper by Davies et al [19]
where a similar lack of attenuation was reported in three
excessively fatty human liver clinical cases. The causes were
hypothesised to be lying in the changes in the cellular
structure of the liver that occur due to high fat
accumulation.

Plane wave ultrasound imaging was preferred in this
study after considering the unavoidable movement of ducks
during image acquisitions. It was hypothesised that the
experiments could benefit from the rapidity of acquisitions
provided by plane wave imaging, in spite of its lower signal-

to-noise ratio. Furthermore, it was recently shown that QUS
with plane wave imaging was viable [20], and that angular
compounding could increase the frame rate, while
maintaining a good signal quality along with a stabilized
spatial variability [21].

Low variance estimators have also been developed in
the recent literature [22,23], and future studies could
involve the development of features accounting for the
spatial heterogeneity of duck fatty liver or human non
diffusing liver diseases.

The method presented in this work can be translated
to human clinical trials on NASH. However, some of the
trends observed in this study may vary, such as stiffness in
steatosis [6,24], due to the obvious distinction in the fat
intake induced in 2 weeks in duck livers versus a disease
that can take a much longer time in humans to appear.
Finally, the limitation of the proposed study may lie in the
cost associated with it. Availability of a dedicated
veterinarian, especially in a small farm, for a non-invasive
detection of foie-gras in a duck before slaughtering for
industrial purposes may not be realisticc A simpler
equipment such as a Fibroscan® might be utilized to
estimate acoustic attenuation (known as the CAP mode with
the Fibroscan) and stiffness in livers, which may be more
suitable for industrial needs. Nevertheless, the use of foie-
gras for in vivo SWEI and QUS imaging represents an
interesting model for pre-clinical studies as steatosis can
develop without concomitant fibrosis.

V. CONCLUSION

This study presented a multi-parametric ultrasound
imaging workflow for steatosis monitoring in ducks that
were being raised for commercial foie-gras production.
Shear wave elastography imaging and quantitative
ultrasound imaging acquisitions were performed in 16
mulard ducks in a farmhouse to develop biomarkers for
better classification and grading of steatosis. The observed
trends in shear wave speed, local ultrasound attenuation
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coefficient slope, and coherent-to-diffuse signal ratio along
the mechanical feeding process were reported. It is
envisaged that the protocol developed in this study might
be utilized in human clinical studies, which may pave the
way for a better fatty liver prognosis.
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