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The authors present a camera-based optical detection scheme designed to detect the transient motion
created by the acoustic radiation force in soft elastic media. An optically diffusive tissue-mimicking
phantom was illuminated with coherent laser light, and a high speed camera �2 kHz frame rate� was
used to acquire and cross-correlate consecutive speckle patterns. Time-resolved transient
decorrelation of the optical speckle was measured as the result of localized motion induced by the
radiation force and the associated propagating shear waves. The proposed technique is sensitive only
to the low frequency transient motion induced in the medium by the radiation force. © 2007
American Institute of Physics. �DOI: 10.1063/1.2733604�

Optical imaging of biological tissue can provide relevant
optical contrasts in terms of biomedical tissue character-
ization.1 However, the spatial resolution is limited for thick
biological tissue because of the strong scattering. Recently,
several techniques combining optics and ultrasound have
been proposed to overcome this difficulty.2 Among these
techniques, acousto-optic imaging is based on the detection
of light modulated by ultrasound waves.3,4 As ultrasound can
easily be focused in soft biological tissue, this method pro-
vides a way of discriminating the photons that travel along
paths traversing the insonified region from the other photons.
From the relative amount of modulated photons, optical in-
formation can therefore be derived with ultrasonic resolu-
tion. While the various methods differ in the type of detec-
tion involved �single detector,4,5 parallel multidetection of
speckle fields,6–8 photorefractive crystal holography9,10�,
they aim at detecting the effect of ultrasonic oscillation, i.e.,
the effect of compressional waves, usually in the megahertz
frequency range.

Meanwhile, in addition to purely oscillating compressive
strain, high-intensity focused ultrasound may also generate
low frequency strain in elastic media via the ultrasound ra-
diation force.11 The radiation force corresponds to a transfer
of momentum from the wave to a medium as the wave is
either caused by reflected by impedance mismatches or
attenuation.11 In the case of soft biological tissue, which at-
tenuates ultrasound because of absorption and/or scattering
by very weak random fluctuations in acoustic impedance, the
radiation force density �unit force per unit volume� is given
by the following formula:12

f =
2�I

c
, �1�

where � is the ultrasound attenuation coefficient �in Neper
per unit distance�, I is the acoustic intensity �defined as the
time-averaged ultrasound intensity over the ultrasound pe-
riod�, and c is the speed of sound. In response to the radia-
tion force, a soft-tissue-like medium is set into a motion that

involves time and amplitude scales very different from those
of the compressive oscillatory strain due to the ultrasound
wave. For focused radiation forces, the corresponding dis-
placement fields have been described analytically in the
literature.13,14 These displacements are essentially unipolar
and have typical amplitudes of several micrometers occur-
ring in about a millisecond.13,14 The motion is initiated pre-
dominantly at the ultrasound focus, and then propagates as a
shear wave perpendicularly to the direction of the ultra-
sound.12,13,15 In the context of the interaction of light and
ultrasound in optically diffusive media, a consequence of the
radiation force has recently been discussed in a letter by Kim
et al.16 These authors observed a 15% additional loss of
speckle contrast generated by the acoustic radiation force,
presented as a deleterious effect, in addition to the loss of
contrast caused by the compressional wave itself through the
acousto-optic effect.16

In this letter, we present a camera-based optical detec-
tion scheme designed to detect specifically the transient mo-
tion created by the radiation force in depth in an optically
diffusive medium, while being insensitive to the acousto-
optic modulation caused by the ultrasonic compressional
waves. The proposed method aims at detecting the very
small transient motion induced in a medium by the radiation
force originating from local attenuation of ultrasound. This
case corresponds to that of biological tissue, which presents
no strong acoustic impedance mismatches. As the variation
of the ultrasonic attenuation remains small in soft biological
tissue, the amplitude of transient tissue motion is mainly re-
lated to the viscoelastic properties of the medium, i.e., the
shear modulus and shear viscosity.14 Moreover, the proposed
optical detection of this tissue motion involves the amount of
photons that traversed the displaced region and therefore
yields information on optical properties.

The experimental setup is shown in Fig. 1. A continuous
5 W frequency-doubled Nd:YAG laser source �Verdi, Coher-
ent� was used to illuminate an optically diffusive tissue-
mimicking phantom. The phantom consisted of a 1% agar
gel made optically diffusive by adding Intralipid. A concen-
tration of 0.4% Intralipid17 was used to obtain a reduced
scattering coefficient of approximately �s�6 cm−1. The di-a�Electronic mail: emmanuel.bossy@espci.fr
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mensions of the phantom were 40�40�40 mm3. A 5 MHz
spherically focused ultrasound transducer �A307-S, GE
Panametrics� was used to focus high-intensity ultrasound
bursts of millisecond duration in the phantom and generate
transient displacements. A 1024 pixel�1024 pixel CMOS
camera �HSS-4, Lavision� with a 2 kHz frame rate was used
to record the optical speckle pattern radiated by the sample.
A tube 2 cm in diameter was used both to hold the phantom
in the water and to collect light. A delay generator �BNC
565, Berkeley Nucleonics� was used to trigger the camera
acquisition �trigger 1� several milliseconds before triggering
the ultrasound burst �trigger 2�. Two configurations ��a� and
�b�� of the setup were used, as shown on Fig. 1. In configu-
ration �a�, the ultrasound beam is located in the center of the
phantom �X=0 mm�, and the camera is used without optics
to record the free-field speckle pattern at a distance of ap-
proximately 1 m from the phantom. In this case, the photons
that traverse the ultrasound beam and reach the camera are
multiply scattered before detection, and the camera records a
speckle pattern with no spatial information. In configuration
�b�, the ultrasound focus is positioned on the output surface
of the sample �X=20 mm�. In this case, the photons affected
by the ultrasound and reaching the camera are little affected
by scattering. The camera’s macro-objective was used to
form a speckled image of the phantom surface on the detec-
tion plane of the camera and therefore to detect these photons
with spatial information.

In this work, we show that it is possible to detect the low
frequency motion induced in depth in the tissue phantom by
the radiation force �Fig. 1, configuration �a��. The configura-
tion �b� of Fig. 1 is used to interpret the results obtained with
configuration �a�. For both configurations, the optical detec-
tion scheme consisted of spatial cross correlations between
consecutive speckle patterns recorded with a 2 kHz frame
rate and a 0.5 ms exposure time. As transient nonoscillatory
displacements generated by the ultrasonic radiation force
change over a millisecond time scale, the high frame rate
allows us to time-resolve the decorrelation created by those
displacements while averaging out during the exposure time
the modulation caused by purely ultrasonic oscillation at
5 MHz. In configuration �a�, the spatial cross-correlation
coefficient between consecutive pairs of entire speckle pat-
terns was calculated as a function of time �using the corr2
function in MATLAB�. This correlation coefficient quantifies

the resemblance between consecutive speckle patterns, and a
decrease of the coefficient indicates a change from one
image to the next. Configuration �b� was used in order to
extract information on the motion at the surface from the
recorded speckle images: cross-correlation images were
obtained for each pair of images by calculating the
cross-correlation coefficients between consecutive �in time�
blocks of the speckle images subdivided into 64�64 blocks
of 16�16 pixels �272�272 �m2�.

Figure 2�a� plots the cross-correlation curve obtained for
a 1 ms duration ultrasound burst. This curve clearly features
a transient decorrelation, which lasts for several millisec-
onds. The fact that the decorrelation continues to grow after
the ultrasound burst has been turned off proves that the de-
tected effect is not caused by the ultrasonic oscillation of the
compressional wave. Moreover, the duration of the decorre-
lation ��7–8 ms� suggests that the measurement is sensitive
not only to the motion created at focus �which would yield a
transient effect with typical response time of the order of
1 ms �Refs. 13 and 14��, but also to the associated shear
waves propagating away from the focal region.12,13 Figure
2�b� plots the decorrelation measured for a 10 ms duration
ultrasound burst, i.e., longer than the decorrelation duration
observed in Fig. 2�a�. The absence of decorrelation between
8 and 10 ms, when the displacement has reached a steady
state while the high-intensity ultrasound burst is still on,
shows that the correlation factor is insensitive to the ultra-
sonic oscillation of the compressional wave. The second
transient decorrelation pattern starting at 10 ms corresponds
to the relaxation of the medium and the associated generation
of shear waves after the radiation force has been turned off.

The same experiment was performed with configuration
�b� of Fig. 1 in order to image the decorrelation created by
the radiation force on the output surface. Figure 3 shows the
obtained decorrelation images at t=0 ms �a�, 1 ms �b�, and
1.5 ms �c� after the end of a 10 ms ultrasound burst. Figure
3�a� shows the decorrelation confined to the focal region dur-
ing the first millisecond, and Figs. 3�b� and 3�c� show the
decorrelation caused by the outgoing shear waves. The shear
wave velocity derived in Fig. 3 is of the order of
1–2 mm/ms, in agreement with expected velocities for
shear waves in soft-tissue-like media.12,13,15 The decorrela-
tion curves obtained with configuration �a� therefore reflects
the amount of transient motion generated by the radiation
force, consisting of the initial displacement at focus followed

FIG. 1. Schematic diagram of the experimental setup. BE: beam expander,
DL: diffuse light, UB: ultrasound beam, FT: focused transducer, SF: speckle
field, MO: macro-objective.

FIG. 2. Decorrelation curves measured with the experimental configuration
�a� of Fig. 1 for a 1 ms ultrasound burst �a� and a 10 ms ultrasound burst �b�
focused at depth in the tissue-mimicking phantom. The shaded regions in-
dicate the position in time of the ultrasound bursts.
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by the propagation of shear waves. We infer that the decor-
relation at a given time is directly related to the spatial inte-
gral of the displacement field. However, providing an ana-
lytical model relating the measured decorrelation to the
displacement field is beyond the scope of this letter.

To illustrate the potential of the technique to detect op-
tical and/or shear mechanical contrasts in depth in an opti-
cally diffusive medium, a phantom was made with a 10
�10�40 mm3 �X, Y, and Z, respectively� inclusion dyed
with India ink, with mechanical properties identical to the
rest of the phantom. An inclusion with a long dimension
along the Z axis was preferred to a smaller inclusion centered
in the volume in order to avoid artificial impedance mis-
match at the location of the push. Figure 4 plots the decor-
relation curves measured in configuration �a� of Fig. 1 for
three different locations of the focal region, in the middle
of the inclusion �X=0 mm� and 10 mm away from the center
of the inclusion �X= ±10 mm�. The absence of decorrela-
tion observed in the early part of the curve measured at
X=0 mm is a signature of the absorbing inclusion: as pho-
tons are absorbed by the dark inclusion, no decorrelation is
expected in the speckle pattern as long as the displacement
remains confined to the inclusion. Moreover, the decorrela-

tion remains zero for about 2 ms, which is in agreement with
the time needed for the shear wave to exit the 1 cm wide
dark inclusion at a velocity of about 2 mm/ms. As the later
part of the decorrelation curve originates from shear waves
propagation, its amplitude depends on the initial displace-
ment at focus, as the source of the shear waves. In the
experiment above, the three curves are identical after a few
milliseconds, indicating that shear waves of identical ampli-
tudes were launched at the three different locations of the
push and therefore that the shear elastic properties were iden-
tical at these locations. Therefore, combining the ampli-
tude of the late decorrelation curve with the initial decorre-
lation during the first millisecond provides a promising way
to derive both optical and shear mechanical properties at the
focus.

In conclusion, a technique for optoelastography was pro-
posed based on the detection of time-resolved transient deco-
rrelations of the optical speckle due to transient motion in-
duced by a radiation force in an attenuating tissue-like
medium. The observed decorrelation provides information
about the motion initially generated at the focal region of the
ultrasound beam and on the associated generated shear wave.
The technique provides millimetric lateral resolution as the
outgoing shear waves do not exit the focal region before
typically 1 ms. The decorrelation curves in configuration �a�
contain information about the amount of photons in the dis-
placed region �optical information� as well as information
about the amplitude of the displacement �shear mechanical
properties�.
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FIG. 3. Decorrelation images showing the motion generated by a 10 ms
radiation force applied on the output surface of the sample, obtained with
the experimental configuration �b� of Fig. 1. The images were taken at the
end of the ultrasound burst �a�, and after 1 ms �b� and 1.5 ms �c�.

FIG. 4. Decorrelation curves measured for three different locations of the
ultrasound focus in a phantom with a dark 10�10�40 mm3 inclusion cen-
tered at X=0 mm �center of the phantom�. The shaded region indicates the
position in time of the 2 ms ultrasound burst.
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