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Abstract—This paper demonstrates the feasibility of ir vivo quantitative mapping of liver viscoelasticity using the
concept of supersonic shear wave imaging. This technique is based on the combination of a radiation force
induced in tissues by focused ultrasonic beams and a very high frame rate ultrasound imaging sequence capable
of catching in real time the transient propagation of resulting shear waves. The local shear wave velocity is
recovered using a dedicated time-of-flight estimation technique and enables the 2-D quantitative mapping of
shear elasticity. This imaging modality is performed using a conventional ultrasound probe during a standard
intercostal ultrasonographic examination. Three supersonic shear imaging (SSI) sequences are applied succes-
sively in the left, middle and right parts of the 2-D ultrasonographic image. Resulting shear elasticity images in
the three regions are concatenated to provide the final image covering the entire region-of-interest. The ability
of the SSI technique to provide a quantitative and local estimation of liver shear modulus with a millimetric
resolution is proven ir vivo on 15 healthy volunteers. Liver moduli extracted from in vivo data from healthy
volunteers are consistent with those reported in the literature (Young’s modulus ranging from 4 to 7.5 kPa).
Moreover, liver stiffness estimation using the SSI mode is shown to be fast (less than one second), repeatable
(5.7% standard deviation) and reproducible (6.7 % standard deviation). This technique, used as a complementary
tool for B-mode ultrasound, could complement morphologic information both for fibrosis staging and hepatic

lesions imaging (E-mail: jl.gennisson@espci.fr).
Biology.
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INTRODUCTION

Liver fibrosis staging is of major clinical issue because it
represents key information regarding the prognosis and
the surveillance of chronic liver diseases such as cirrho-
sis or hepatitis. It is also crucial to monitor the efficacy of
antifibrotic treatments (Pinzani et al. 2005; National In-
stitute 2002). Currently, liver biopsy and histologic test-
ing remains the gold standard for liver fibrosis staging
(Afdhal et al. 2003; Bravo et al. 2001; Ishak et al. 1995).
However, this technique presents serious limitations. Its
invasive characteristics can lead to patient discomfort
and serious complications, especially if repeated biopsies
are needed (Bravo et al. 2001; Friedman et al. 2003;
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Cadranel et al. 2000; Castera et al. 1999). Furthermore,
this liver investigation method shows serious deficien-
cies, mainly related to the fact that fibrosis affects the
liver tissue in a heterogeneous manner, leading to sam-
pling errors during punction (Regev et al. 2002; Maharaj
et al. 1986) and inter-observer variability during the
histopathological measurements (The French METAVIR
1994; Bedossa et al. 1988). To circumvent these limita-
tions, noninvasive biochemical and hematologic tests
(Wai et al. 2003), as well as tests measuring the presence
of surrogate serum fibrosis markers, have been devel-
oped (Suzuki et al. 2005; Patel et al. 2003). Blood tests
such as Fibrotest (Imbert-Bismut et al. 2001) and platelet
count (Ono et al. 1999) measure a combination of vari-
ous blood parameters considered as indirect markers of
fibrosis staging. The sensitivity and specificity of these
tests, measuring items having no direct link with fibrosis,
are still debated (Bataller et al. 2005). The accuracy of
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their results could indeed be impaired by extra hepatic
diseases such as systemic inflammatory phenomena
(Stauber et al. 2007; Beaugrand et al. 2006). As far as
imaging methods are concerned, magnetic resonance im-
aging (MRI) has been reported to show satisfying sensi-
tivity and specificity (Aguirre et al. 2006), thus being a
useful tool for biopsy guidance (Konig et al. 2004), but
MRI, as well as computed tomography and ultrasonic
imaging, seem to be unable to determine early stages of
fibrosis (Klatt et al. 2006).

Elasticity imaging is now commonly accepted as a
relevant tool for soft tissue characterization (Sarvazyan
et al. 1998; Ophir et al. 1991) in general, and for the liver
in particular (Yeh et al. 2002). The feasibility of MR-
elastography for liver fibrosis staging has been recently
demonstrated (Klatt et al. 2006; Huwart et al. 2006), but
the costs at stake are too large to allow screening or
monitoring applications. Another teclénique, based on
1-D transient elastography (Fibroscan ) has been pro-
posed for the noninvasive staging of liver fibrosis. With
this technique, the assessment of fibrosis degree is based
on the estimation of a global shear elasticity along an
ultrasonic A-line (Sandrin et al. 2003). Various studies
have shown a correlation between the liver shear modu-
lus measured using Fibroscan” and the degree of fibrosis
obtained through liver biopsy, particularly when the elas-
ticity measurement is combined with a blood marker of
fibrosis (Beaugrand et al. 2006; Castera et al. 2005; Saito
et al. 2004). However, the Fibroscan technique esti-
mates a mean elasticity of the liver (over a centimetric
volume), and the heterogeneities of shear elasticity at
higher fibrosis degree are assumed to introduce biases in
this global estimation. Thus, the clinical interest of 2-D
real-time elasticity imaging modality would be twofold.
First, the estimation of the global liver stiffness over a
larger area should result in more accurate scores of
fibrosis level. Second, beyond fibrosis staging, the quan-
titative mapping of local stiffness heterogeneities should
allow the localization of the presence of hepatic lesions
both for diagnosis and biopsy guidance. Some techniques
have been developed that measured the deformation of
the liver tissue before and under static compression
(Friedrich-Rust et al. 2007). Unfortunately, such static
elastography techniques do not allow a quantitative eval-
uation of the liver elasticity. Another technique based on
the use of a local acoustic radiation force impulse (ARFT)
technique has been proposed recently for the visualiza-
tion of abdominal lesions on the liver and the kidney
(Fahey et al. 2008; Palmeri et al. 2008). In this approach,
2-D elastography images are obtained by combining
successive sequences of ultrasonic radiation forces, each
radiation force sequence enabling the estimation of elas-
ticity along one line of the final image. However, this
technique requires an important number of insonifica-
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tions to build a complete elasticity image of the medium
and is consequently sensitive to respiratory motion arte-
facts (Fahey et al. 2006, 2007).

In the study presented here, a 2-D real-time and
freehand elastography method is proposed for liver in-
vestigation as a multiparametric technique. This ap-
proach, called supersonic shear imaging, tries to merge
the advantages of the previous techniques by combining
the remote palpation of the acoustic radiation force im-
aging technique (Palmeri et al. 2008) and the ultrafast
echographic imaging approach of transient elastography
into a single ultrasonic sequence (lasting less than sev-
eral tens of milliseconds). This combination is expected
to provide a quantitative elasticity imaging mode, with a
significant reduction of operator dependence compared
with static elastography. First, the global estimation of
the liver elasticity is performed over a large area to
reduce sampling errors and enable the recovery of a
global mean elasticity of liver that benefits from very
small variance. Second, the local estimation of the liver
elasticity is conducted, allowing the mapping of local
stiffness heterogeneities. Third, in addition to elasticity,
other parameters are assessed such as the dispersive
behavior of the liver, by exploiting the frequency diver-
sity of the shear waves propagating in the liver.

In the following, the SSI technique used in this
study is presented and the methods for global and local
elasticity estimation are presented, as well as the method
used for the shear wave dispersion measurements. Fi-
nally, in vivo reproducibility and repeatability results are
presented, as well as measurement on a group of 15
healthy volunteers.

MATERIALS AND METHODS

All subjects were informed of the nature and aims
of this study. They signed an informed consent form and
the study was approved by the national agency for health
(AFSSAPS); authorization # 2008-A00006—49.

Supersonic shear imaging technique

The SSI technique is a tissue elasticity imaging
technique based on the velocity estimation of a shear
wave generated by radiation force. This technique has
been described in previous papers (Bercoff et al. 2004a,
2004b, 2004c; Tanter et al. 2008) and is currently being
tested clinically on breast lesion imaging with promising
results. A remote radiation force or “pushing beam” is
generated by focusing ultrasound using a conventional
ultrasonic probe. This radiation force results in a few
micrometers displacement of tissue that propagates as a
transient shear wave in the medium. By successively
focusing multiple beams at increasing depths, a quasi-
plane shear wave can be generated. After the generation
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Fig. 1. Shear displacement field in the liver at different time steps. A quasi-plane shear wave is visible, travelling faster
in the intercostal muscle region (M) than in the liver region (L). Gray scale levels are expressed in wm, corresponding
to local tissue displacement between two successive images (at a 3750-Hz frame rate).

of the shear wave, the echographic device switches to the
ultrafast imaging mode by acquiring raw radiofrequency
(RF) data at a very high frame rate (up to 5000 frames/s)
using the same ultrasonic probe. Each ultrafast echo-
graphic image is achieved by transmitting a single ultra-
sonic plane wave and beamforming only in the receive
mode in postprocessing. Then by using a 1-D cross-
correlation algorithm, consecutive ultrasonic images
were compared to determine the axial displacement field
U (along the Z axis) induced by the propagation of the
shear wave inside the tissues (Fig. 1).

In these in vivo investigations, the SSI technique
was implemented on a modified commercial ultrasonic
scanner HDI 1000 (ATL, Seattle, WA, USA) with a
5-MHz linear probe (L7.4, ATL, 5 MHz central fre-
quency, 128 elements). The shear wave was generated by
successively focusing four 5-MHz ultrasonic beams 20,
25, 30 and 35 mm deep. Each pushing beam lasted 150
s, with a f/day number of 1.5. The following ultrafast
echographic mode was performed at 3750 Hz frame rate,
with 128 successive ultrafast echographic images. As the
HDI 1000 scanner is only relying on 32 receive channels
(and 64 transmit channels), the ultrafast echographic
frame is achieved by transmitting four successive plane
waves with 32 elements of the probe. The duration of
each transmit/receive event (about 50 ws) is only limited
by the ultrasonic travel path and, consequently, the max-
imal imaging depth fixed between O and 37 mm. A
complete ultrasound image, comprising 128 lines spaced
at 0.3 mm (space between each elements of the probe), is
thus achieved in the minimum duration of 200 ws with
this scanner. The whole SSI acquisition itself corre-
sponds to a total duration of about 25 ms with 128
images recorded; however, a 200-ms pause automatically
follows each acquisition.

Regarding the FDA requirements, the acoustic pres-
sure levels and intensities were measured using a cali-
brated MHB 500B (NTR systems, 0.5 mm resolution,
frequency bandwidth ranging from 1 to 16 MHz). The
peak pressure measured at 2 cm depth in the water was

4 MPa; this pressure must be corrected inside the tissue
by an attenuation of 0.3 dB/cm/MHz, leading to a peak
pressure of p, = 2 MPa inside the tissue (at f, = 5 MHz).
The Ispta is defined as:

2
Po At push
2P()C Atexperiment '

Ispta = ()

Considering the “worst cases” where all four pushing
beams are focused at the same location, Az, = 4*150
= 600 ps in At,,primens = 225 ms, the Ispta would be
591, 447, 306 and 239 mW/cm?, respectively, at focal
depths z = 20 mm, z = 25 mm, z = 30 mm and z = 35
mm. Note that all these “worst cases” values correspond-
ing to insonifications, which were never used in vivo, are
below the 720mW/cm? 510(k) recommendation imposed
by the FDA. The Ispta value corresponding to the case
used for in vivo investigations (four successive “pushes”
each lasting 150 us and focused at z = 20, 25, 30 and 35
mm) is equal to 395 mW/cm?. The mechanical index for
the pushing sequence was found to be, respectively, 1.42,
1.3, 1.15 and 0.95 for z = 20, 25, 30 and 35 mm depth
and 0.67 for the ultrafast imaging sequence, also below
the 1.9 limit imposed by the FDA.

In vivo shear waves displacements are represented
in Fig. 1 at different time steps after the radiation force
generation. One can clearly notice the quasi-planar shear
wave front propagating faster in the upper region of the
image corresponding to the intercostal muscle. The in-
tercostal muscle (M), usually stiffer than the liver (L),
exhibits a higher shear velocity. In Figs. 1 and 2, one can
also notice large vessels (circular shapes in the bottom of
the images) where the displacement field uncorrelated
because of the presence of fluid and, consequently, a lack
of echogenicity.

Moreover, to investigate a larger region of the liver
and to increase the shear velocity estimation zone by
zone, three quasi-plane shear waves were successively
generated in three different locations of the image. This
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Fig. 2. Displacement field at two times (f = 1.65 ms and ¢ =
4.40 ms) for three different locations: right (a), center (b) and
left (c) of the echographic image. The shear wave then propa-
gates both ways from the push location. For each location of the
pushing beam, a movie of the displacement is recorded to
investigate the full imaged area of the liver. Grayscale levels
are expressed in wm, corresponding to local tissue displace-
ment between two successive images (at a 3750-Hz frame rate).

results in a set of three different movies of the same liver
region presented on Fig. 2, from which shear velocity
can be estimated.

From these quasi-plane shear wave propagation
movies, three different kinds of information can be ex-
tracted.

An elasticity map

The local estimation of the shear wave group ve-
locity enables the creation of an elasticity map of the
liver via the classical relation E = 3pc?, where p is the
local tissue density (assumed to be constant and equal to
1000 kg.m-3), c is the shear wave group velocity and E
is the Young’s modulus (Royer and Dieulesaint 2000).
For each pixel (z,x), the local shear group velocity c is
estimated via a time-of-flight algorithm, which computes
the delay dt between two points separated from a dis-
tance dx through cross correlation.
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dx
U(x TR t) =s(f) )

and

dx
U x+7,z,t =s(t+dt), 3)

where U is the displacement field, dx the distance be-
tween the two points used, s is the signal waveform and
dt is the time delay between the two points. Multiple
distances dx can be used to provide multiple estimations
of the shear velocity (¢ = dx/dt) at the same pixel and
improve the overall quality of the measurement through
averaging. The maximum distance dx chosen for the
shear wave group velocity estimation sets the resolution
of the map.

A global elasticity score

From a large region-of-interest (ROI) chosen in the
image (typically 30 X 40 mm?), a single estimation of
the elasticity can be estimated. This global estimation
relies on the use of multiple separation distances dx (dx
values chosen not to exceed the ROI) for the shear wave
group velocity estimation, as well as averaging inside the
ROI. This ROI is chosen from the B-mode image to
avoid the intercostal muscle or fat present in the upper
region, as well as to avoid the pushing area itself (Fig.
3a); a histogram of the estimated shear velocity is also
represented (Fig. 3b). This enables the assessment of a
global elasticity value with a smaller variance adapted
for liver staging. Similar to 1-D transient elastography
provided by Fibroscan , this 2-D global elasticity value
can be seen as a score for fibrosis staging.

A complete rheological analysis using shear wave spec-
troscopy

A more detailed analysis of the semilocal shear
mechanical behavior of the liver can be performed using

Subject#12  a)
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Fig. 3. (a) Standard B-mode image of the liver of a healthy
volunteer. In the upper part, the intercostal muscle is clearly
visible. (b) Group velocity estimation estimated from the ROI
(white rectangle). The maximal value of the histogram corre-
sponds to a shear wave group velocity equal to 1.37 m/s.
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Fig. 4. (a) Amplitude in arbitrary unit (A.U.) of the shear

displacement as a function of time. The tissue velocity wave

field is visible after 5 ms. (b) Spectrum of the shear wave

displacement field in arbitrary unit (A.U.). The signal is clearly

broadband and the signal-to-noise ratio is well defined between
50 Hz and 400 Hz.

the shear wave spectroscopy technique as described by
Deffieux et al. (2008). This last approach corresponds to
the determination of shear wave phase velocity disper-
sion over a large frequency range (typically 50 to 500
Hz). The large bandwidth of the shear wave generated
through the ultrasonic radiation force allows this mea-
surement in one shot.

Figure 4 shows a typical waveform of the shear
velocity profile as a function of time at one given depth
(Fig. 4a) and its corresponding frequency spectrum (Fig.
4b) in the liver. It appears that a large bandwidth can be
exploited, from 50 to ~400 Hz.

The signal is first averaged over the depth of the
ROI (15 mm depth in liver) to increase the signal ratio.
Its Fourier transform is then computed and, for each
frequency, the phase is extracted and unwrapped along
the x axis. The last step consists in fitting the phase along
the distance to retrieve the wave number k for each
frequency. In Fig. 5a, only four phases (90 Hz, 120 Hz,
150 Hz and 180 Hz) as a function of depth are plotted to
clarify the figure. In Fig. 5b, the frequency dispersion of

2
0 S
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the shear wave speed is illustrated by the phase informa-
tion extracted from the spectrum of the local tissue
displacement field as a function of the propagation dis-
tance. The slope of this phase function is changing with
respect to the frequency component. Such a method
could allow study of the full rheological behavior of the
liver, through the assessment of the frequency dispersion
of the shear wave speed. Using this approach, it was
possible to perform a spectroscopic analysis in 10 of the
15 volunteers.

Experimental protocol

The objective of this study was (i) to demonstrate
the feasibility of mapping elasticity of the liver through
intercostal measurements in vivo, (ii) to assess the repro-
ducibility of the shear velocity through intercostal mea-
surements in vivo, (iii) to assess the repeatability of the
shear velocity through intercostal measurements in vivo,
(iv) to assess the interindividual variability of the shear
velocity among a group of healthy volunteers and (v) to
evaluate the benefit of shear wave spectroscopy in liver.

For each point of the objectives, the volunteers were
asked to hold their breath during acquisition, and the
ultrasonic device parameters were always the same. The
mean body mass index was equal to 23.3 and values
ranged from 19.2-29.3.

Reproducibility measurements were conducted by
repeating 50 intercostal shear velocity measurements on
one single volunteer, repositioning the probe between
each measurement.

Repeatability measurements were conducted by re-
peating the same intercostal shear velocity measurement
50 times, without repositioning the probe, to increase the
colocation of all measurements.

Reproducibility and repeatability measurements
were performed using a single pushing line generated on
the left of the B-mode image. A 15 X 25-mm ROI was

2 )
A
4 i i / 3
e
12 : i
1 1/
! 3 i i i )
50 100 15IO 200 250 300

Frequency (Hz)

Fig. 5. (a) Four phases of the shear displacement for different frequencies (90 Hz, 120 Hz, 150 Hz and 180 Hz) as a
function of distance (the width is the size of the transducer array). (b) Frequency dispersion of the shear wave speed
calculated from the phases extracted between 60 Hz and 270 Hz.
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Fig. 6. Local shear velocity imaging in two healthy volunteers. (a) B-mode images of the liver for two healthy
volunteers. (b) Mapping of the Young’s modulus. The liver appears roughly four times softer than the intercostal muscle.
One can also notice that both regions are homogeneous in terms of shear velocity.

used to evaluate the shear wave velocity in the middle of
the B-mode image. So the sequence for these dispersion
measurements was slightly different from the sequence
used for elasticity imaging on the 15 volunteers. The
same ROI was chosen for all measurements for the
estimation of the global shear velocity.

In addition, intercostal liver shear velocity measure-
ments were performed on 15 healthy volunteers using the
supersonic shear imaging technique described above.
Each imaging sequence was repeated five times. The
ultrasonic probe was repositioned between each of the
five reproducibility measurements. For each imaging se-
quence, three plane waves were generated on the left,
center and right of the ROI to reduce the variance by
averaging the velocity estimates and to provide a quan-
titative elasticity map over a large 40 X 40 mm?” rectan-
gular area.

For the repeatability/reproducibility experiment, the
same protocol was used in terms of positioning the probe
and controlling breathing (a 2-s breath-hold was asked of
the volunteer for each acquisition). Regarding the se-
quences, the same parameters were used for mapping or
assessing the repeatability/reproducibility measurement.
The only difference between these two types of acquisi-
tions was the number of pushing line (a pushing line

corresponded to a set of 4 pushing beams at depth 20, 25,
30 and 35 mm) used. To map the entire region of the
liver comprised in the B-mode image, three pushing lines
were used: at the left, center and right of the image. For
the repeatability/reproducibility experiment, only the left
pushing line was used. Except this number of pushing
lines, all other parameters were the same.

RESULTS

Imaging of local shear velocity on healthy volunteers
Shear velocity mapping results are presented for
two healthy volunteers in Fig. 6, along with the corre-
sponding B-mode images. Fat and muscle regions are
well differentiated both in ultrasonographic and elasticity
images. From the selected zone defined by the white
rectangle on the B-mode image (Fig. 6a), the correspond-
ing Young’s modulus mapping is derived in Fig. 6b.
Young’s modulus appears almost homogeneous for a
healthy volunteer in both liver and muscle regions. Mean
shear velocity in the muscle region was found equal to
6.3 m/s, with a standard deviation of 1.2 m/s, whereas
mean shear velocity in the liver region was found equal
to 1.6 m/s, with a standard deviation of 0.15 m/s for
subject 11. The higher standard deviation obtained in the
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Subjet #11

Shear wave speed (m/s)

Experiment #

Fig. 7. Reproducibility measurement on a single healthy volunteer. The probe was removed and replaced on the
abdomen of the subject and the subject held his breath between each acquisition. Standard deviation corresponds to 3.9
% of the mean value.

fat/muscle region is related to the higher heterogeneity of
the region compared with the liver tissue.

Global group velocity estimation: reproducibility, re-
peatability and interindividual variability measurements
on healthy volunteers

Figure 7 presents the shear group velocity distribu-
tion obtained from the reproducibility measurements (50
consecutive measurements with repositioning of the
probe between each measurement) on a single healthy
volunteer (subject 11). The volunteer was holding breath
for 5 s to minimize any motion artifacts. The 50 mea-
surements resulted in a mean group velocity value of
1.27 m/s (corresponding to a Young’s modulus of 4.89
kPa), with a standard deviation of 0.05 m/s (correspond-
ing to a 0.33 kPa standard deviation).

Results on repeatability are presented in Fig. 8. The
repeatability measurements were performed by repeating
50 times the global shear wave speed on the same
healthy volunteer (subject 11). The probe was main-
tained in the exact same position, and the subject held his
breath during acquisition. The global velocity estimation
obtained with this method resulted in a distribution with
a mean value of 1.46 m/s (corresponding to a Young’s
modulus of 6.38 kPa) and a standard deviation of 0.04
m/s (corresponding to 0.37 kPa).

Furthermore global shear velocity was also assessed
in vivo for a group of 15 healthy volunteers. Five mea-

surements were conducted on each volunteer. Each mea-
surement combined three plane waves: on the left, center
and right of the ROI. The three velocity estimates were
averaged to reduce the variability. The shear wave ve-
locity distributions for all volunteers are presented in Fig.
9, along with the standard deviation of the measurements
provided by the distribution of the five consecutive ve-
locity measurements. The mean velocity value for the
whole group of volunteers is 1.48 m/s (corresponding to
a Young’s modulus of 6.61 kPa), with a standard devi-
ation of 0.16 m/s (respectively, 1.41 kPa).

Shear velocity dispersion estimation

In addition to the global shear velocity estimation, a
much more refined study of the mechanical behavior of
liver tissue can be conducted by estimating the frequency
dependence (dispersion) of the shear phase velocity.

These dispersion curves were calculated for all 10
healthy volunteers in a large-frequency bandwidth. In-
terestingly, similar slopes were found for all volunteers
for the phase velocity dispersion. Among all cases, the
mean slope for the shear phase velocity dispersion was
found to be 3.60 * 0.82 mm (Fig. 10b). On Fig. 10, the
three solid lines represent the F2, F3 and F4 scores
defined by physicians at low frequency (Ziol et al. 2005)
to characterize the liver fibrosis. The dashed lines repre-
sent the supposed evolution of these score at higher
frequencies. Moreover, error measurements for these

Subject #11
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[p]

Shear wave speed (m/s)

o -
== ]

-

10 20

Experiment #

Fig. 8. Repeatability measurement on a single healthy volunteer. The probe was not moving and the subject held his
breath during each acquisition. The standard deviation corresponds to 2.7% of the mean value.
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Fig. 9. Global shear group velocity estimation for 15 healthy

volunteers. The error bars are the standard deviation calculated

over 15 acquisitions. The probe was removed and replaced on
the abdomen of the subject between all acquisitions.

shear velocity dispersion profiles were estimated by con-
ducting reproducibility measurements of the shear veloc-
ity dispersion on a single volunteer (Fig. 10a). It resulted
in a 0.38-mm error on the slope, smaller than the 0.82
mm standard deviation obtained for the studied popula-
tion.

For volunteer 3, the median elasticity at 50 Hz is
found to be E = 3pc® = 4.42 * 0.64 kPa. The median
elasticity at 50 Hz (corresponding to the excitation fre-
quency of Fibroscan@)) is E = 3pc® = 4.18 = 1.37 kPa
and is consistent with the results reported in the literature
for a healthy group.

DISCUSSION

In this study, the feasibility of scanning viscoelastic
properties of liver was investigated using the SSI tech-
nique on 15 healthy volunteers. Various liver character-
istics have been estimated using different processes. De-
pending on the kind of required information (respec-
tively, fibrosis staging or liver tumor imaging), it is
possible to characterize global or local elastic properties
of the liver.

Regarding global shear wave group velocity estima-
tion, the SSI technique proved to be highly reproducible
and repeatable (standard deviations equal, respectively,
to 0.05 m/s [0.33 kPa] and 0.04 m/s [0.37 kPa] for 50
consecutive measurements). These low standard devia-
tions foretell a very low measurement error (typically 6%
of the mean Young’s modulus), and therefore a particu-
larly strong accuracy of the measurement. Using the SSI
mode, the standard deviation on the estimated Young’s
modulus is smaller (at least three times smaller) than the
ones obtained by the ARFI approach reported in Palmeri
et al. (2008). Regarding the mean velocity values of the
reproducibility and repeatability measurements, a differ-
ence of 0.19 m/s is noticeable on the same subject. This
could be explained by three points. First, the assessments
were not done the same days. Second, the position of the
probe for the repeatability and the reproducibility mea-
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surements was probably not the same. The probe was
placed between the same two ribs as close as possible at
the same distance from the abdominal part, so it was not
precisely the same part of the liver investigated, which
could have some weak heterogeneity. Finally, the posi-
tioning of the probe between the ribs is crucial and could
generate some biases. The intercostal space can lead to
ultrasonic beam aberrations. Such aberrations and ab-
sorption effects on the ultrasonic beam could also have a
slight impact on the bandwidth of the generated shear
wave (which is linked to the ultrasonic beam shape). As
liver tissue is dispersive, a change in the shear wave
bandwidth could also lead to slight changes in the shear
wave group velocity.

Nevertheless, good accuracy should be a sine qua
non condition to discriminate pathologic states via elas-
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Fig. 10. (a) Repeatability of the dispersion curves for volunteer
3. The box and whiskers diagram was computed over 10
repeated measurements and are minimum in the 60-390 Hz
range. The slope is 3.30 = 0.38 mm and the extrapolated values
at 50 Hz are 1.21 = 0.09 m/s, indicating an FO score. (b) Shear
phase velocity dispersion for 10 healthy volunteers. Interest-
ingly, the slope is in the same range for all volunteers and
around 3.60 = 0.82 mm, and the extrapolated values at 50 Hz
are 1.18 = 0.18 m/s, also indicating an FO score for the group.
Thresholds on the right correspond to the fibrosis scores esti-
mated using Fibroscan® and so provided at 50 Hz only (Ziol et
al. 2005). It does not mean that these thresholds are the same at
higher frequencies, as suggested by the arrows.
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ticity measurements that are very close at early stages of
liver fibrosis as shown by Huwart et al. (2006). In par-
ticular, for a 50-Hz mechanical excitation, FO—F2 stages,
characterizing the transition from normal to the first
pathologic stage, are confined in a short range of
Young’s moduli (from 3.35 to 7.60 kPa), corresponding
to close shear velocities (from 1.06 to 1.59 m/s) (Sandrin
et al. 2003). Because MR-elastography beneﬁgs from
much more accurate estimations than Fibroscan at the
same excitation frequency (50 Hz), it permits to distin-
guish FO-F2 and F3 stages (Salameh et al. 2008).
Interestingly, the shear group velocities assessed in
15 healthy volunteers using our SSI approach were found
to be larger (mean value 1.48 *= 0.16 m/s) than the
average value usually measured with clinical tools such
as Fibroscan®. Indeed, at the FO and F1 stages of fibrosis,
the Fibroscan® measurement provides an elasticity of
roughly 3.35 kPa and 5.10 kPa (Sandrin et al. 2003)
(corresponding to shear velocity of 1.06 m/s and 1.30
m/s), whereas a mean value of 6.57 kPa was found using
the SSI modality. This elasticity gap is a result of the
broadband characteristic of the mechanical excitation
generated using the ultrasonic radiation force of the SSI
mode. As presented in Fig. 4, the shear wave velocity is
estimated over a much larger frequency bandwidth, and
in vivo liver tissues are demonstrated to be very disper-
sive in that 50-350 Hz frequency range. Thus, high-
frequency components of the shear wave propagate
much faster than lower ones. The shear phase velocity
dispersion relation obtained demonstrates that the shear
velocity increases with frequency (Fig. 5b). Thus, liver
elasticity is probed in a higher frequency range than
Fibroscan® (50 Hz) or MR-elastography (51 Hz) (Klatt
et al. 2006). An increased global elasticity was, there-
fore, expected using such a higher spectral content and
this point was confirmed experimentally. These results
are of particular interest because they emphasize the
ability of this new SSI modality to provide additional
information compared with Fibroscan® or MR-elastog-
raphy: the full mechanical response of liver tissues over
a large bandwidth of mechanical excitation. To provide a
comparison with the state-of-the-art values provided by
MR-elastography and Fibroscan®, a linear fit of the shear
wave velocity dispersion curve was performed for each
healthy volunteer, from which the shear wave velocity at
50 Hz was extracted. The shear wave velocity estimated
at 50 Hz was found to be 1.18 = 0.18 m/s for the
volunteer group (corresponding to Young’s modulus
equal to 4.18 = 1.37 kPa). In addition to a very small
variance of these estimates, these values are in agreement
with the data provided in the literature. Thus, the broad-
band feature of the SSI modality permits to estimate
elasticity values at a low excitation frequency corre-
sponding to the other clinical approaches, but addition-

ally provides new information in a wider and higher
frequency range.

An interesting result concerns the good reproduc-
ibility of the shear velocity dispersion for each single
healthy volunteer. The assessment of the frequency slope
of shear wave velocity for a volunteer resulted in a 16%
variability (mean shear velocity dispersion value: 3.30
mm, standard deviation: 0.38 mm). More interestingly,
for all healthy volunteers, similar shear dispersion be-
havior was observed. Frequency slopes of the shear wave
dispersion were estimated for each volunteer, and a 20%
variation was obtained for the whole population (mean
shear velocity dispersion value: 3.60 mm, standard de-
viation: 0.82 mm) (Fig. 10b). Further work will be re-
quired to determine if the assessment of these dispersion
parameters (linked to shear viscosity) will represent an
added value for the diagnostics of pathologic liver dis-
eases. However, it is possible that this type of parameter
could provide interesting information on tissue organi-
zation at the microscopic level. Ongoing work is inves-
tigating this assumption. It has been demonstrated in this
study that the rheological behavior of the liver can be
estimated locally over a large bandwidth of mechanical
excitation. Dispersion curves estimated for all healthy
volunteers give elasticity values at 50 Hz that are in total
agreement with narrowband approaches (MR-elastogra-
phy and Fibroscan®). At this particular frequency, all
healthy volunteers were in the FO—F1 region as defined
by state of the art (Ziol et al. 2005; Pinzani et al. 2005).
It would be extremely interesting to study the frequency
dependence of these fibrosis scores boundary values. In
particular, the elasticity values provided for the F2/F3
differentiation using MR-elastography and Fibroscan®
are extremely close at 50 Hz. A clinical evaluation of
shear wave spectroscopy for fibrosis staging should be
conducted to estimate the evolution of these boundary
elasticity values at higher frequencies, because it is an-
ticipated that differentiation could be better at higher
frequencies. Finally, different regions with a typical size
of some millimeters can be estimated independently. The
influence of the size of the selected region for the spec-
troscopic analysis is carefully studied in the paper by
Deffieux et al. (2008). This is therefore a very promising
step toward the full mapping of the rheological proper-
ties of the liver.

Additionally, to such local shear wave spectroscopy
a simplified approach can be used by estimating the local
elasticity through a straightforward time-of-flight algo-
rithm, leading to the determination of elasticity maps
with a millimeter resolution. For such an imaging ap-
proach, the Young’s modulus estimation is not as refined
as in the previous spectroscopy case because the time-
of-flight algorithm provides a shear group velocity cor-
responding to an averaged value in the case of a disper-
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sive medium. The Young’s modulus estimate corre-
sponds to the value of the shear modulus at the central
frequency of our broadband radiation force excitation.
Results presented in Fig. 6, obtained on healthy volun-
teers, show that it is possible to discriminate higher
elasticity regions such as the muscle regions. Such quan-
titative elasticity mapping could provide very useful in-
formation on the pathologic state of the liver via stiffness
heterogeneity, as well as provide information on the
presence of tumors.

Some technical limitations encountered during this
feasibility study could be overcome to improve the re-
sults. One of the limitations of this study relies on the
fact that in vivo experiments were conducted using a
linear transducer array, implying that the full organ could
not be scanned. Subcostal measurements were hard to
perform using such a linear array because of the limited
imaging depth. To improve this discrepancy, a curved
array working at a lower ultrasonic frequency (~3 MHz)
should be considered. This implies additional work be-
cause it requires the implementation of the ultrafast
echographic modality for a curved array. Such easy
technical improvements should considerably help for
subcostal liver imaging to cover the full size of the liver.

Finally, one of the particularly interesting aspects of
the SSI technique relies in its ultrafast imaging charac-
teristics. The ability to reach frame rates up to 5000
frames/s removes the influence of the low-frequency
displacements artefacts, such as respiratory motion or
cardiac vibrations, which tend to degrade other ap-
proaches (Fahey et al. 2006, 2007). No significant influ-
ence of motion artefacts were seen during ultrafast ac-
quisitions.

CONCLUSION

Quantitative mapping of liver tissue viscoelasticity
is feasible in vivo using the SSI approach. By combining
the use of ultrafast echographic imaging and the gener-
ation of remote and in-depth palpations using the acous-
tic radiation force induced by the echographic probe, it
enables the overcoming of many limitations of elasto-
graphic techniques for liver applications. On the one
hand, it is insensitive to respiratory motion artefacts. On
the other hand, the generation of shear waves can be
achieved in depth and consequently are not influenced by
liquid barriers. Using the intercostal window, the SSI
mode is able to generate shear wave fronts propagating
through several centimeters of liver tissue and to monitor
these shear waves via an ultrafast acquisition capability.
Quantitative shear elasticity images were obtained in
vivo on 15 healthy volunteers and a clear delineation
between the Young’s modulus value derived from shear
group velocity for intercostal muscle (E =~ 100 kPa) and
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normal liver (E <10 kPa) is obtained. Elasticity images
obtained in healthy volunteers are found to be quite
homogeneous as expected and corresponding values are
consistent with the literature. Moreover, a global mean
elasticity of liver for fibrosis staging can be provided by
averaging elasticity maps over very large areas (>10
cm?). This estimation of this mean elasticity value is
shown to be very repeatable and reproducible in healthy
volunteers. Finally, the assessment of the mechanical
behavior of liver tissues over quite a large bandwidth
(typically 50 to 400 Hz) via the shear wave dispersion
can be achieved in vivo, paving the way to a shear wave
spectroscopy of liver tissues. This feasibility study
clearly emphasizes the potential of the SSI approach for
liver viscoelasticity imaging and the interest of a future
clinical investigation.
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