IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 62, NO. 8, AUGUST 2015 1453

Frequency Adaptation for Enhanced Radiation
Force Amplitude in Dynamic Elastography

Abderrahmane Ouared, Emmanuel Montagnon, Siavash Kazemirad, Louis Gaboury,
André Robidoux, and Guy Cloutier, Senior Member, IEEE

Abstract—In remote dynamic elastography, the amplitude
of the generated displacement field is directly related to the
amplitude of the radiation force. Therefore, displacement im-
provement for better tissue characterization requires the opti-
mization of the radiation force amplitude by increasing the
push duration and/or the excitation amplitude applied on the
transducer. The main problem of these approaches is that the
Food and Drug Administration (FDA) thresholds for medical
applications and transducer limitations may be easily exceed-
ed. In the present study, the effect of the frequency used for
the generation of the radiation force on the amplitude of the
displacement field was investigated. We found that amplitudes
of displacements generated by adapted radiation force se-
quences were greater than those generated by standard non-
adapted ones (i.e., single push acoustic radiation force impulse
and supersonic shear imaging). Gains in magnitude were be-
tween 20 to 158% for in vitro measurements on agar-gelatin
phantoms, and 170 to 336% for ez vivo measurements on a
human breast sample, depending on focus depths and attenua-
tions of tested samples. The signal-to-noise ratio was also im-
proved more than 4-fold with adapted sequences. We conclude
that frequency adaptation is a complementary technique that
is efficient for the optimization of displacement amplitudes.
This technique can be used safely to optimize the deposited
local acoustic energy without increasing the risk of damaging
tissues and transducer elements.

I. INTRODUCTION

OVER the last two decades, the acoustic radiation force
strategy has been increasingly used in remote dy-
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namic elastography for tissue characterization [1]-[4]. Dy-
namic elastography is now widely used and has been ap-
plied to study different organs or structures, such as the
breast [5]-[7], liver [8]-[13], tendon [14], kidney [15], heart
[16], [17], and venous thrombosis [18], to name a few ex-
amples. Elastic properties of tissues can be estimated by
different methods with this approach. For instance, in [5],
[19] mechanical properties of probed media were obtained
from the velocity of shear waves estimated using the time
of flight algorithm. The shear wave velocity is directly
linked to the elasticity of the medium through F ~3pu and
p = pv? (where E = Young’s modulus, j = shear modulus,
p = density, and v, = the velocity of propagating shear
waves). In more recent studies [8], [9], the shear wave ve-
locity was estimated at different frequencies and the elas-
ticity and viscosity components were calculated by fitting
the experimental data to a Voigt rheological model. In
other techniques [20], [21], viscoelastic parameters were
obtained through analytical and/or numerical solutions of
inverse problems.

The main clinically used remote dynamic elastography
techniques are acoustic radiation force impulse (ARFI)
[22] and supersonic shear imaging (SSI) [4]. In ARFI, one
focused acoustic radiation force push is generated, and
then the focus is moved axially and the beam laterally
by adjusting delays for exciting transducer elements to
scan the whole area. In the case of SSI, a quasi-planar
shear wave front is generated by rapidly moving the fo-
cused push location axially. These remote palpation tech-
niques are implemented on commercial scanners but suffer
from strong attenuation of the shear wave amplitude with
propagation on a few millimeters, which affects the signal-
to-noise ratio (SNR) and the biological tissue character-
ization accuracy, especially at high shear wave frequency
[23].

The amplitude of the shear wave induced displacements
is directly linked to the deposited radiation force inten-
sity. To optimize the displacement amplitude, increasing
the push duration and excitation voltage transmitted to
the transducer were proposed [24], [25]. However, energy
thresholds imposed by the Food and Drug Administration
(FDA) can be easily exceeded, and consequently the bio-
logical tissue and the ultrasound (US) transducer may be
damaged. The aim of the present study was to investigate
the effect of the frequency used for the generation of the
radiation force on the displacement field amplitude and on
the SNR. The radiation pressure intensity depends on the
acoustic wave frequency and distance from the US probe
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(i.e., focus depth). A theoretical model was developed to
predict the optimal frequency depending on the attenu-
ation of the medium and the focus depth. We show that
the amplitude of displacements generated by a radiation
force with an adapted frequency scheme is 20 to 336%
greater than that generated at the central frequency of the
transducer. The technique was applied in vitro on several
homogeneous and heterogeneous agar-gelatin phantoms,
and ez vivo on a human breast sample obtained after a
complete mastectomy.

II. MATERIALS AND METHODS

An acoustic radiation force is a unidirectional force
generated by the transfer of the linear momentum from
the US compressional wave to the attenuating propagat-
ing medium [26]. Because the displacement is directly
linked to the amplitude of the radiation force, increasing
the displacement magnitude requires optimizing the radia-
tion force efficacy.

As previously mentioned, there is an optimal frequency
for the generation of a radiation force. A theoretical model
was developed to estimate that frequency depending on
the attenuation of the medium and focus depth. For this
purpose, the frequency response of the transducer was de-
termined and used to formulate a cost function to deter-
mine the underlying parameters of the theoretical model.
To support the derivation of that model, the attenuation
coefficient was measured for each tested medium using
two different methods (a gold standard transmission ap-
proach and a spectral shift strategy). This section is pre-
senting the framework of the theoretical model followed by
the experimental protocol.

A. Theoretical Modeling

The amplitude of a focused acoustic radiation force is
given by [2], [27]

20l A
po 2 t, (1)
c
P2
where [ = e (2)
and P = Pe™ (3)

In these equations, « is the wave attenuation, I is the av-
erage acoustic intensity, At is the push duration, ¢ is the
compressional wave velocity, P and P, are the attenuated
and initial transmitted pressures, respectively, and p is the
density of the medium. Substituting (2) and (3) into (1)
gives the general expression of the radiation force ampli-
tude for a weak diffraction beam:

P2A¢
=0 ae 2, (4)
pc?

F
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with a = ay x f x d. (5)

In (5), a; is the attenuation coefficient of the medium,
fis the frequency, and d is the focus depth. This latter
equation exhibits a local maximum; i.e., that for a certain
attenuation coefficient (cy) and depth (d), there is an op-
timal frequency fy where the amplitude of the radiation
force is maximal. Values of parameters in (4) were varied
to estimate the optimal frequency for the generation of
the radiation force. They were also determined experimen-
tally, as described below.

B. Ezperimental Protocol

1) Determination of the Transducer Frequency Response
and Radiation Pressure Intensities: The theoretical model
of (4) assumes that the transducer response is constant
within the frequency range of interest, which is rarely true.
To improve the accuracy of predictions, this model was
weighted by the experimentally determined transducer
frequency response. Measuring transducer characteristics
also allowed the determination of most often used acous-
tic parameters useful to quantify the deposited energy,
such as the maximum intensity (Igppa), average intensity
(Ispra), and mechanical index (MI) [28], [29].

As shown in Fig. 1(a), to measure the acoustic pressure
generated by the US transducer in a degassed water tank,
a hydrophone (HP Series, Precision Acoustics, Dorchester,
UK) was positioned at the focus of a linear array trans-
ducer (ATL L7-4, Philips, Bothell, WA, USA) connected
to a Verasonics scanner (version V1, Verasonics Inc., Red-
mond, WA, USA). The radiation force was generated at
different single excitation frequencies between 2.9 and 6
MHz, which are within frequency values programmable
by the Verasonics system for the transducer chosen in this
study. The excitation amplitude (transducer voltage) used
to generate the radiation force was fixed at 30 V (peak
to peak) throughout all experiments. The burst duration
of each excitation sequence was around 100 ps (the num-
ber of cycles varied depending on the frequency, it ranged
from 290 to 600 cycles). Acoustic signals were received
by the needle hydrophone and synchronously recorded us-
ing a digitizer (model Gagescope CS8500, Gage Applied
Technologies Inc., Lachine, QC, Canada) after amplifica-
tion (model 5900PR, Parametrics, Waltham, MA, USA).
These signals were converted to pressure values using the
hydrophone transfer function provided by the manufactur-
er. Computed pressures were used to determine acoustic
intensities and the MI, as in [29]:

Prox
ISPPA = Tpcﬂ (6)
At
Ispra = Isppa X 45 (7)
_ Pr.«

MI

\/TC ’ (8)
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Fig. 1. (a) Schematic illustration of the experimental setup used for
the characterization of the transducer. (b) Theoretical modeling of the
amplitude of the radiation force versus frequency in a medium with an
attenuation coefficient oy = 0.5 dB/cm/MHz at different focusing depths
of 25 mm (solid blue), 40 mm (dashed red), and 55 mm (dotted green).
The theoretical model was derived from (4), and the radiation force am-
plitude was normalized to the greatest maximum.

where P, and Pry,, are the maximum and maximum
rarefaction (negative) pressures, respectively, and f; is the
central frequency of the transducer. It is worth mention-
ing that the excitation voltage at 30 V avoided performing
measurements in the saturation region, which was experi-
mentally determined at 38 V.

2) Fabrication of Phantoms: Four phantoms (10 x 10 x
10 cm3) were fabricated following the protocol described
in [30]. Three of these phantoms were homogenous with
different concentrations of agar (product N°A-9799, Sig-
ma-Aldrich, St. Louis, MO, USA) and gelatin (product
N° G-2500, Sigma-Aldrich) to get different attenuations,
and the other was heterogeneous and made of three dif-
ferent layers. Each layer represented one-third of the total
volume of the phantom with a thickness of around 33 mm.
Samples were taken from each gel mixture to estimate
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TABLE I. CONCENTRATIONS OF AGAR AND GELATIN USED FOR
FABRICATING EACH PHANTOM.

Concentration (%)

Phantom Agar Gelatin
Phantom #1 4 3
Phantom #2 5 4
Phantom #3 6 5
Phantom #4 First layer 6 5
Second layer 5 4
Third layer 4 3

The proportions are relative to the water weight.

their attenuation coefficients by two different methods de-
scribed in the next section. Table I summarizes details on
concentrations used for the preparation of each phantom.
Percentages are in proportion of the water weight.

3) Measurement of Attenuation Coefficients: Harmonic
signals (20 cycles, 1 V peak to peak, frequencies of 3.5, 4,
5, and 7.5 MHz) were produced by a function generator
(model 33250A, Agilent, Palo Alto, CA, USA) and ampli-
fied (model AR 75A250, Amplifier Research, Souderton,
PA, USA) before supplying a single element transducer
(model ILO506HP, Valpey Fisher Inc., Hopkinton, MA,
USA). The acoustic signal emitted by the transducer was
measured using the same hydrophone as before (HP Se-
ries, Precision Acoustic) without (reference signal) and
with phantom samples of 30, 45, and 75 mm thicknesses in
the path. The signal obtained by the hydrophone was am-
plified (model 5900PR, Parametrics) and digitized (model
(CS8500, Gage Applied Technologies Inc.). Temporal sig-
nals were Fourier transformed to extract the amplitude at
the exact frequency of interest.

For each frequency, the attenuation of each sample, oy
(dB/cm), was calculated using the following equation [31]:

V
Qp = 2010%10[1/0]7 (9)

where V| is the reference signal (only water in the path)
and V is the signal after passing through the sample. A
mean attenuation at each frequency (between 3.5 and 7.5
MHz), &;, was then computed from attenuation values of
the three thickness samples of each phantom, obtained by
(9). Then, the attenuation coefficient was estimated for all
pair frequencies, f; and f;, using [31]:

_ay —ap

ij_ﬁa (10)

[0}

where o 5 and & , are mean attenuation coefficients at fre-
i Jj

quencies f; and fj, respectively. The attenuation coefficient
of the medium, i.e., a; of (5) expressed in dB/cm/MHz,
was obtained by averaging estimated attenuation coeffi-
cients of pair frequencies calculated from (10).

As the latter method cannot be used for heterogeneous
media and biological tissue samples, attenuation coeffi-
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cients of all phantoms were also measured by a second
method based on a spectral shift approach applied on RF
data. This method was also applied on the ex vivo breast
tissue sample. It consisted of dividing RF signals of each
US beam into short overlapping segments (depending on
the depth). The power spectrum was calculated for each
segment and fit by a Gaussian function to find the central
frequency f, and the bandwidth ¢2. Then, the attenuation
slope « was estimated from the down shift of the central
frequency with depth as [32], [33]:

1 9f
_403 0z’

(1)

Qy =

The attenuation coefficient of (5) in dB/cm/MHz was ob-
tained by [34]:
ap = aOf(:' (12)
Using this method, the measurement of the pressure
(intensity) at the focus is not needed for the estimation of
the optimal frequency. Indeed, for given transducer volt-
age affecting the initial pressure Py, given excitation du-
ration (At), and known properties of the medium (p and
¢), the first term of (4) is a constant and the optimal
frequency depends only on the attenuation.

4) Adapted ARFI and SSI Radiation Pressure Strate-
gies:

a) In vitro phantom measurements: Four different se-
quences were tested (two nonadapted and two adapted)
for each phantom. The nonadapted sequences were a home
implementation of single push ARFI and SSI [3], [4]. For
the remaining of this document, the adapted ARFI se-
quence is labeled adapted ultrasound push beam (AUPB),
whereas the adapted SSI strategy is named adapted ultra-
sound supersonic beam (AUSB). In contrast to ARFI, in
AUPB the frequency for the generation of the radiation
force was adapted by considering the attenuation coef-
ficient of the medium and the focus depth. Contrary to
the classic SSI scheme where the same frequency is used
to generate all focused pushes, in AUSB each push was
generated at its optimal frequency (it thus changed as a
function of depth).

For each agar-gelatin phantom, the radiation force was
generated locally at the central frequency f. of 5.0 MHz
(home ARFI) and at an optimal frequency (AUPB) pre-
dicted by the analytical model (4). Radiation forces were
produced at focus depths of 25, 40, and 55 mm in the case
of homogeneous phantoms, and 20, 45, and 60 mm for the
heterogeneous phantom #4. The choice of focus depths
between 20 and 45 mm was based on typical settings for
dynamic elastography of breast lesions [35], and the two
deeper focus depths (55 and 60 mm) were considered to
assess the feasibility of the adaptive AUPB method at
deeper regions. As used earlier for the determination of
the transducer characteristics, the excitation amplitude
was fixed at 30 V and the duration of the focused push
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was maintained constant at approximately 100 ps at all
frequencies.

Two supersonic beam sequences (Mach number = 100)
were also generated in each phantom. The sequence con-
sisted of 3 focus spots at 25, 40, and 55 mm for phantoms
#1, #2, and #3 (homogeneous), and 20, 45, and 60 mm
for phantom #4 (heterogeneous). The transducer excita-
tion voltage and duration of focused pushes were the same
as used earlier for ARFI and AUPB (30 V and around
100 ps, respectively). For the first supersonic beam se-
quence (home SSI), the selected frequency was the central
frequency of the transducer that remained the same as
a function of depth (5.0 MHz). For the second sequence
(AUSB), the pushing beam frequency was adjusted by
considering (4).

For all experiments (nonadapted and adapted ARFI
and SSI), tracking of shear waves was performed using a
fast plane wave imaging method described in [36], allow-
ing retrospective image reconstruction at a frame rate of
3850 Hz. Each sequence was repeated ten times for each
phantom, and averaged results are reported.

b) Ex vivo breast sample measurements: To analyze the
impact of the adapted frequency strategy with a scope of
future clinical applicability, experiments were also done
with an ex vivo total mastectomy human breast sample.
The sample was provided by the Department of Pathol-
ogy of the University of Montreal Hospital following ap-
proval by the Institutional Human Ethic Committee and
patient’s informed consent. ARFI and AUPB sequences
were not tested; the first sequence was the home SSI im-
plementation and the second one was the AUSB (adapted
sequence). The transducer voltage (excitation amplitude)
was fixed at 35 V and the push duration was as for in vitro
measurements, at approximately 100 ps for all frequen-
cies. The reason for the increase from 30 to 35 V between
phantom and ez vivo experiments was because at 30 V,
the shear wave amplitude appeared smaller than phantom
data, which could impact the quality of results. We did
not use higher voltages to mimic future in vivo tests for
which tissue heating may be a concern. The attenuation
coefficient needed for the calculation of optimal frequen-
cies for the generation of radiation forces was estimated
using the spectral shift method (i.e., adaptive method ap-
plicable in vivo). After ultrasound data acquisitions, the
breast sample was returned to perform pathology analy-
ses, according to standard clinical practices. As for in vi-
tro measurements, sequences were repeated ten times and
averaged results are reported.

¢) Shear wave velocity and SNR estimation: To allow
comparison of data with the literature, the shear wave
velocity was estimated in all phantoms and in the ez vivo
breast sample using the time of flight algorithm [4], [5].
The SNR of the shear wave velocity field was also evalu-
ated in two different regions of interest (ROI). For single
push ARFI and AUPB, ROIs were at the depth chosen to
generate the radiation pressure (between 20 and 60 mm),
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at a lateral distance of 2 mm (from the push location) for
the first ROI (ROI #1) and 20 mm laterally (from the
same push location) for the second ROI (ROI #2). In
the case of SSI and AUSB, ROIs were at the same focus
depths of 20 to 60 mm, and at the same lateral position
as for ARFI and AUPB (2 and 20 mm from the push
location). Each ROI was defined as a rectangle of 15 mm
(axially) by 10 mm (laterally). The SNR was computed
as the ratio between the mean (1) and standard deviation
(0) of the shear wave velocity within the ROI using the
following equation [22]:

SNR = £, (13)
(o

III. RESULTS
A. Theoretical Modeling

Fig. 1(b) shows the amplitude of the radiation force in
a medium with an attenuation coefficient oy = 0.5 dB/
cm/MHz (typical attenuation coefficient of soft biological
tissues [37]) for different focusing depths of 25, 40, and 55
mm. It is seen that at each depth there is an optimal fre-
quency where the amplitude of the radiation force would
be maximal. It is worth mentioning that at this step, the
theoretical model does not take into account the frequency
response of the transducer.

B. Ezperimental Results

1) Frequency Response of the Transducer: The frequen-
cy response of the transducer used in this study is shown
in Fig. 2. The central frequency, f., is around 5.0 MHz,
and the bandwidth at full width half maximum (FWHM)
is approximately 3.5 MHz. The amplitude was normal-
ized relative to the maximum amplitude at the central
frequency. The maximum intensity (Isppa) for selected fir-
ing conditions was 96 £ 1 W-cm~2, the average intensity
(Igpa) was 9.6 + 0.2 mW-cm~2, and the MI was 0.27 =+
0.01. These values are within the acceptable range sug-
gested by the FDA for in vivo applications [38]. The fre-
quency response of the transducer was used to modify the
theoretical model for AUPB and AUSB implementations.
Fig. 3 shows the radiation force amplitude of Fig. 1(b)
weighted by the frequency response of Fig. 2 (considering
the same typical attenuation coefficient «; = 0.5 dB/cm/
MHz and the same focus depths of 25, 40, and 55 mm).

2) Attenuation Coefficients: Table II presents mean and
standard deviations of attenuation coefficients obtained
for each phantom and the exr vivo breast sample using
both methods. Because comparable results were obtained
with both approaches and as the spectral shift method is
not constrained to homogenous tissue samples, the latter
technique was privileged to determine « (4) required to
estimate adapted frequencies for AUPB and AUSB elas-
tography methods.

o o
oo [(e] -
I L

Normalized amplitude

. Y .

3.5 4 415 5 5i5 6
Frequency (MHz)

Fig. 2. Experimental transducer frequency response of an ATL L7-4 US
probe measured with a needle hydrophone in a degassed water tank. The
amplitude was normalized to the maximum response. The parameter f,
represents the central frequency of the transducer.

o
o))

3) Comparison Between Theoretical Modeling and Ex-
perimental Results: Fig. 4(a)-4(d) shows theoretical and
experimental (adapted single push ARFI, ie., AUPB)
radiation force normalized amplitudes for each phantom
at different focusing depths. The experimental radiation
force amplitude was determined using measured displace-
ments, which were estimated very close to the push loca-
tion (same depth at 0.308 mm laterally from the push)
[24], [25]. Depending on the focus depth and the attenua-
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1
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Fig. 3. Normalized amplitudes of the radiation force as a function of
frequency for oy = 0.5 dB/cm/MHz at different focusing depths of 25
mm (solid blue), 40 mm (dashed red), and 55 mm (dotted green). The
attenuation coefficient and focus depths correspond to values used in
Fig. 1. The theoretical model was derived from (4) and weighted by the
transducer frequency response of Fig. 2. The amplitude of the radia-
tion force was normalized to the greatest maximum. Parameters f; cor-
respond to the optimum adapted frequencies, whereas f. is the central
frequency of the transducer.
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TABLE II. ATTENUATION COEFFICIENTS [a; OF (5)] OF PHANTOMS AND OF THE EX VIvO BREAST SAMPLE ESTIMATED
BY TWO DIFFERENT METHODS.

Phantom #4

Ex vivo breast

Phantom #1  Phantom #2  Phantom #3 Layer 1 Layer 2 Layer 3 sample
Coefficient (#1) 0.44 +£0.018 0.55 £ 0.031  0.70 + 0.034 Not applied Not applied Not applied Not applied
oy (dB/cm/MHz)
Coefficient (#2) 0.43 +£0.027  0.57 £ 0.038  0.74 £ 0.041 0.44 £+ 0.029 0.66 £ 0.044 0.78 £ 0.049 0.66 £+ 0.051

oy (dB/cm/MHz)

Coefficient #1: hydrophone method; coefficient #2: spectral shift method.

tion coefficient of the phantom, one can see that the opti-
mal frequency (f,) can be similar (e.g., phantoms #1 and

#2 at 25 mm, and phantom #4 at 20 mm) or different

from the central frequency (f.) of the transducer. In the

case of phantom #1 (40 and 55 mm), phantom #2 (40

mm), and phantom #3 (25 mm), the optimal frequency
was close to 4.5 MHz. For phantom #2 (55 mm), phantom
#3 (40 mm), and phantom #4 (45 mm), f, was 4.09 MHz.
Finally, for phantom #3 (55 mm) and phantom #4 (60
mm), the optimal frequency was lower at 3.46 MHz. For
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Fig. 4. Simulated (A) and experimental (I) radiation force amplitudes versus frequency in phantom #1 (a), phantom #2 (b), phantom #3 (c), and
phantom #4 (d) at different focus depths of 25 mm (solid blue), 40 mm (dashed red), and 55 mm (dotted green). The focus depths correspond to
values used in Figs. 1 and 3. The theoretical model was derived from (4) and weighted by the transducer frequency response. The amplitude of the
radiation force was normalized to the greatest maximum. Data on this figure correspond to the adapted ARFI method (i.e., AUPB).
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Fig. 5. Comparison of the amplitude of displacements generated by the adapted ultrasound push beam (AUPB; solid blue) at 40 mm (45 mm for
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push location. Measurements were repeated ten times and mean values are shown (standard deviations are not displayed for visibility). (e) Temporal
behavior of the displacement generated at the focus push (40 mm) with adapted (solid blue) and nonadapted (dashed red) sequences in phantom #1.
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TABLE III. OPTIMAL FREQUENCIES AND CORRESPONDING (GAINS IN THE AMPLITUDE OF THE RADIATION
FORCE FOR HOMOGENEOUS AND HETEROGENEOUS PHANTOMS, AND FOR THE EX VivO BREAST SAMPLE
AT DIFFERENT Focus DEPTHS (N = 10 MEASURES).

Adapted Optimal
sequence Medium Depth (mm) frequency fy (MHz) Gain (%)
AUPB Phantom #1 40 4.50 25+ 2
Phantom #2 40 4.50 26 £ 1
Phantom #3 40 4.09 36 £ 3
Phantom #4 45 4.09 45 +£ 3
AUSB Phantom #1 25 5.00 21 +2
40 4.50 43 £ 4
55 4.50 95 £ 7
Phantom #2 25 5.00 23+ 1
40 4.50 60 + 4
55 4.09 114 + 6
Phantom #3 25 4.50 28 £ 2
40 4.09 62 + 4
55 3.46 133+ 5
Phantom #4 20 5.00 20+ 1
45 4.09 106 £ 5
60 3.46 158 £ 6
FEz vivo breast sample 20 5.00 170 +£ 11
25 4.50 290 £+ 13
30 4.50 336 + 18

For AUPB, gains were calculated at the same depth as the focus (40 mm for homogeneous phantoms and 45 mm
for the heterogeneous one) at a lateral distance of 10 mm from the push. In case of AUSB, gains were estimated
at each focus depth at the same lateral distance as for AUPB (10 mm).

the remainder of this document, the gain in magnitude for
each focus depth is expressed as the ratio of the amplitude
of displacements at adapted frequencies f, to that at the
transducer central frequency f.:

amplitude at f, 100

amplitude at f, ' (14)

gain =

4) Performance Assessment of AUPB and AUSB Se-
quences: Figs. 5(a) to 5(d) present the amplitude of dis-
placements generated by AUPB and nonadapted ARFI
push beams in homogeneous and heterogeneous phantoms,
at a focus depth of 40 mm (45 mm for the heterogeneous
phantom), between 25 and 55 mm within each phantom
(36 to 52 mm for phantom #4) at a lateral distance of
10 mm from the push. As seen, displacement amplitudes
along the push beam generated by the AUPB method were
greater than those obtained by the nonadapted sequence.
Depending on the attenuation coefficient of the phantom,
gains (14) at a depth of 40 mm were 25 + 2% for the soft-
est phantom (phantom #1), 26 + 1% for the intermediate
one (phantom #2), and 36 + 3% for the stiffest medium
(phantom #3). In the case of the heterogeneous phantom,
the gain at a depth of 45 mm was 45 + 3% (see Table III).

Fig. 5(e) shows a comparison of the temporal behavior of
the displacement at the focus (40 mm) generated at the
central frequency of the transducer and at the optimal
frequency in phantom #1.

Figs. 6(a) to 6(d) show the comparison between the
amplitude of displacements generated in phantom samples
by AUSB and the nonadapted supersonic beam (home
SSI) along the plane wave front between 20 to 60 mm for
homogeneous phantoms, and 10 to 63 mm for the hetero-
geneous one at a lateral distance of 10 mm from the push
line. Again, the amplitude of displacements generated by
the adapted sequence was greater at any depth. Gains
varied between 20 + 1% and 158 + 6% depending on the
focus depth and the attenuation coefficient of the tested
medium. For phantom #1, gains were 21 + 2% for the
first focus, 43 + 3% for the second focus, and 95 + 7%
for the third focus. In the case of phantom #2, gains were
23 £ 1%, 60 £ 4%, and 114 4 6% for focus depths at 25,
40, and 55 mm, respectively. For phantoms #3 and #4,
gains were 28 + 2% and 20 £ 1% for the first focus, 62
+ 4% and 106 4 5% for the second focus, and 133 £ 5%
and 158 £ 6% for the third focus, respectively (see Table
III). The gain in magnitude was greater than phantom
data (between 170 4+ 11% and 336 4+ 18%) when using the

TABLE IV. MEAN SHEAR WAVE VELOCITIES (IN METERS PER SECOND) AND THEIR CORRESPONDING STANDARD DEVIATIONS IN DIFFERENT
PHANTOMS AND IN THE EX VIvO BREAST SAMPLE USING ADAPTED AND NONADAPTED SSI SEQUENCES.

Phantom #4

Mean velocity + Ex vivo
SD (m/s) Phantom #1 Phantom #2 Phantom #3 Layer 1 Layer 2 Layer 3 sample
Adapted sequence 2.8 +0.3 3.8£0.3 59+ 04 6.4 £0.3 5.3+ 04 2.4+ 0.6 2.1+£0.1
Nonadapted sequence 29+04 3.9+04 6.2+ 0.7 6.3+ 0.5 4.6 + 0.8 1.8 +£0.9 1.8 +£ 0.6
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Fig. 6. Comparison of the amplitude of displacements generated by the adapted ultrasound supersonic beam (AUSB; solid blue) and the nonadapted
sequence (home SSI; dashed red) generated at 25, 40, and 55 mm in phantom #1 (a), phantom #2 (b), and phantom #3 (c), and at 20 mm (soft
layer), 45 mm (medium layer), and 60 mm (hard layer) in phantom #4 (d). Displacements were estimated along the plane wave front at depths of
20 to 60 mm for homogeneous phantoms, and between 10 to 63 mm for the heterogeneous one at a lateral distance of 10 mm from the push line.

Measurements were repeated ten times, and mean values are shown (standard deviations are not displayed for visibility).

adapted AUSB sequence in the case of the ex vivo breast
sample (see Fig. 7 and Table III).

As presented in Table IV, shear wave velocities estimat-
ed with AUSB were close to those of the nonadapted SSI
sequence, but overall, standard deviations were smaller in
the case of the adapted sequence (i.e., AUSB). For the ez
vivo breast sample, the velocity obtained with the adapted
sequence was 2.1 £ 0.1 m/s, whereas for the nonadapted
sequence it was 1.8 £ 0.6 m/s.

The SNR of adapted (AUSB) and nonadapted (home
SSI) sequences in two different ROIs for each homoge-
neous phantom are shown in Fig. 8(a). Figs. 8(b) and
8(c) show the SNR with both sequences in different layers
of the heterogeneous phantom, and in the case of the ez
vivo human breast sample, respectively. It is seen that

the SNR varies less in ROI #1 (close to the focus push)
than ROI #2 (distant from the push) between adapted
and nonadapted sequences. In the case of homogeneous
phantoms and ROI #1, the SNR was between 20 and 24
dB for adaptive sequences, and between 15 and 22 dB for
standard sequences. For the second ROI, the SNR was be-
tween 23 and 15 dB for adaptive sequences, and between
17 and 6 dB for nonadapted ones. In the case of the het-
erogeneous phantom, the SNR degraded as a function of
depth (i.e., for deeper layers 2 and 3), and was still better
for the adapted sequence. For the ez vivo sample, the SNR,
was improved from 16 to 21 dB in ROI #1 by using the
adapted AUSB sequence, and from 4 to 14 dB in ROI #2.
Table V summarizes SNR values for all phantoms and for
the ex vivo breast sample.
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Fig. 7. Comparison of the amplitude of displacements generated by the
adapted ultrasound supersonic beam (AUSB; solid blue) and the non-
adapted sequence (home SSI; dashed red) generated at 25, 30, and 40
mm in the ez vivo human breast sample. Displacements were estimated
along the plane wavefront at depths between 15 and 50 mm, and at a
lateral distance of 10 mm from the push line. Measurements were re-
peated ten times, and mean values are shown (standard deviations are
not displayed for visibility).

IV. DiscussioN
A. Theoretical Modeling

The radiation force is usually generated at the central
frequency of the transducer without taking into account
the attenuation of the medium and the focus depth. The
theoretical model developed in this study predicted the
optimal frequency for the generation of enhanced radia-
tion force by considering these latter two parameters (4).
One limitation of this model is that it does not take the
frequency response of the transducer into account. To im-
prove the accuracy, the model was weighted by the trans-
ducer frequency response (Philips ATL L7-4 in this case).
It yielded a theoretical model for the estimation of the op-
timal frequency for the transducer used in this study. As
seen in Fig. 4, theoretical and experimental results were in
very good agreement. Therefore, we can conclude that this
model yielded good predictions of the optimal frequency
for the generation of a radiation force.

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 62, NO. 8, AUGUST 2015

B. Ezperimental Results

The amplitude of displacements was on average en-
hanced by 25 to 45% when comparing the adapted push
beam AUPB with the nonadapted ARFI method, at a fo-
cus depth of 40 or 45 mm (Table III). At the same depths,
gains in displacement magnitude were greater for AUSB
versus SSI (43 to 106%). This can be explained by the
fact that contrary to AUPB for which only one focus push
was optimized, the transmitted frequency for AUSB was
chosen optimally at each focus depth, thus enhancing the
whole wave front by constructive interferences between
shear wave sources, thus creating a cumulative effect [4].
According to Table III, interesting observations can be
made from comparisons of AUSB versus SSI results in
the case of the heterogeneous phantom #4. Indeed, the
displacement gain for the first focus, which was inside the
softest layer, was relatively small (20%). For the second
focus inside the medium stiffness layer, the gain was more
important (106%), whereas it was maximum (158%) for
the third focus in the stiffest layer. This can be explained
by the greater attenuations in those bottom layers (see
Table II), and by the deepest focuses increasing « in (5).
As the impact of the frequency adaptation strategy was
more important on SSI than on single push ARFI, we
opted to apply only AUSB on the ex vivo breast sample,
and to compare it to the home implementation of SSI
(Table IIT and Fig. 7).

In this study, we did not compare results to those ob-
tained by the method of Elkateb-Hachemi et al. [25], which
consisted in increasing the push duration and transducer
voltage, due to the risk of damaging the sample material
before histopathology [39]. In [25], authors selected high
intensity focused ultrasound (HIFU) transducers that are
typically used for thermal therapy. This type of transduc-
ers is designed to withstand high voltage amplitudes and
long pulse durations [40]. Contrary to [25], we used an
imaging transducer (ATL L7—4) for the generation of the
radiation force, which is not a power transducer.

When designing this study, we opted to test two dif-
ferent methods for estimating attenuation coefficients «y
(5). Because the first method requiring the use of a hydro-
phone (gold standard) can difficulty be applied to complex
heterogeneous media with varying attenuations (i.e., most
in vivo measurements), a second well-accepted method

TABLE V. ESTIMATED SNR (IN DECIBELS) OF THE SHEAR WAVE VELOCITY FIELD AND THEIR CORRESPONDING STANDARD DEVIATIONS
IN Two DIFFERENT ROIs (ROI #1 AND ROI #2) CoMPUTED WITH ADAPTED (AUSB) AND NONADAPTED (HOME SSI) SEQUENCES
FOR HOMOGENEOUS AND HETEROGENEOUS PHANTOMS, AND FOR THE EX VIvO BREAST SAMPLE.

Phantom #4

Mean SNR + Ex vivo
SD (dB) Phantom #1 Phantom #2 Phantom #3 Layer 1 Layer 2 Layer 3 sample
Adapted ROT #1 233+ 1.1 242 +£ 1.0 20.2 + 1.2 25.6 + 1.1 164+ 14 15.1 £ 1.6 20.9 + 1.3
Nonadapted ROT #1 225+ 1.2 20.2 £ 1.3 154 + 1.5 24.8 £1.2 125 £ 2.1 7.3+ 3.3 16.3 + 1.7
Adapted ROT #2 223+ 14 229 + 1.1 15.8 £ 1.5 17.0 £ 1.6 11.8 £ 2.1 4.3 + 3.9 142 + 24
Nonadapted ROT #2 17.0 +£ 2.0 16.5 £ 2.7 6.6 + 3.2 16.4 + 1.6 4.2+ 3.7 1.2 £ 5.5 3.8+ 34

ROIs were defined as a rectangle of 15 mm (axially) by 10 mm (laterally), and positioned at the same depth of the focus push at lateral distances
of 2 and 20 mm (from the push location) for ROI #1 and ROI #2, respectively.
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Fig. 8. SNR of the shear wave velocity field and corresponding standard deviations in two different ROIs (ROI #1 and ROI#2) computed for adapted
(AUSB) and nonadapted (home SSI) sequences in the case of homogeneous phantoms (a), the heterogeneous phantom (b), and the ez vivo breast
sample (c). ROIs were defined as a rectangle of 15 mm (axially) by 10 mm (laterally) that was positioned at the same depth of the focus push at
lateral distances of 2 and 20 mm (from the push location) for ROI #1 and ROI #2, respectively. Vertical (black) and horizontal (blue) lines represent
SNRs of ROI #1 obtained for adapted and nonadapted sequences, respectively, and oblique lines signify SNRs of ROI #2 obtained for adapted (right

tilted-black) and nonadapted (left tilted-blue) sequences, respectively.

(spectral shift method) based on the down shift of the
central frequency was implemented. This method does not
require the use of any extra instrumentation and has been
clinically validated [41], [42]. Both methods gave similar
results (Table II), thus justifying the use of the spectral
approach to determine optimal frequencies with (4) for
the generation of radiation pressures. For future clinical
use, the protocol may be implemented as follows. First,
a B mode image is acquired for the localization of the
pushing region. Then, the attenuation at the focus push
is estimated directly from the RF data using the spec-
tral shift method, and the optimal frequency computed by
the prediction model. Finally, the adapted radiation force

is generated and shear waves are tracked using ultrafast
plane wave imaging.

Overall, the theoretical model of (4) yielded good pre-
dictions of the optimal frequency (see Fig. 4), and shear
wave velocities were in good agreement to those obtained
for agar-gelatin phantoms with similar concentrations
[30]. Velocities for adapted and nonadapted sequences (see
Table IV) were similar except for the second and third lay-
ers of the heterogeneous phantom, and to a lesser extent
for the ex wivo breast sample. This observation may be
due to low SNR in these samples [see Figs. 8(b)-8(c) and
Table V], which likely affected the quality of the RF signal
tracking. It is noticeable that shear wave velocities within
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the ex vivo breast sample were in good agreement with
those found in the literature [5], [43].

V. CONCLUSION

Frequency adaptation is a complementary technique
that may be used for the optimization of displacement
amplitude in ultrasound elastography. This technique
can be used safely to optimize the deposited local energy,
without the risk of damaging the tissue or the transducer.
This technique improves the SNR of the shear wave veloc-
ity field for better estimations of mechanical parameters.
We found that in all phantoms and in the ez vivo breast
sample, regardless of their attenuation or the focus depth,
the SNR obtained with adapted sequences were better
than those measured using standard sequences. The gain
in displacement magnitudes with adapted sequences var-
ied between 20 and 336%; the benefit of using the SSI
adapted sequence was particularity evident in the case of
the heterogeneous breast tissue sample.
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