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Abstract. Elasticity maps of tissue have proved to be particularly useful in providing complementary contrast to
ultrasonic imaging, e.g., for cancer diagnosis at the millimeter scale. Optical coherence tomography (OCT) offers
an endogenous contrast based on singly backscattered optical waves. Adding complementary contrast to OCT
images by recording elasticity maps could also be valuable in improving OCT-based diagnosis at the micro-
scopic scale. Static elastography has been successfully coupled with full-field OCT (FF-OCT) in order to realize
both micrometer-scale sectioning and elasticity maps. Nevertheless, static elastography presents a number of
drawbacks, mainly when stiffness quantification is required. Here, we describe the combination of two methods:
transient elastography, based on speed measurements of shear waves induced by ultrasonic radiation forces,
and FF-OCT, an en face OCT approach using an incoherent light source. The use of an ultrafast ultrasonic
scanner and an ultrafast camera working at 10,000 to 30,000 images/s made it possible to follow shear
wave propagation with both modalities. As expected, FF-OCT is found to be much more sensitive than ultrafast
ultrasound to tiny shear vibrations (a few nanometers and micrometers, respectively). Stiffness assessed in gel
phantoms and an ex vivo rat brain by FF-OCT is found to be in good agreement with ultrasound shear wave

elastography. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.18.12.121514]
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1 Introduction

Human tissue exhibits intrinsic mechanical properties that often
differ between healthy and pathological states.! Adding an elas-
tography map to morphological or functional images has been
shown to be a valuable aid to cancer diagnosis when using
MRI? or ultrasonic imaging.® Since the pioneering work of
Schmitt* combining optical coherence tomography (OCT) and
elastography, a number of static or dynamic approaches have
been proposed for optical coherence elastography in two- or
three-dimensional (3-D).>™'* In these previous studies, only
compressive waves were used. More recently, shear waves
have been coupled to OCT.!!

Stiffness imaging based on the ultrasonic imaging of tissue
deformations induced by a quasistatic compression of organs
was first introduced in the early 1990s by Ophir et al.
and named elastography.'? Tissue deformation information is
obtained by acquiring two “precompression” and “postcompres-
sion” ultrasonic images of the organ using a conventional ultra-
sound scanner. This static method suffers, however, from some
major drawbacks. The strain distribution image is linked to stiff-
ness since soft regions tend to exhibit a higher strain than stiffer
areas. Unfortunately, applying a quasistatic compression at the
surface of the sample can create a very complex spatial distri-
bution of stress that both prevents the quantitative assessment
of local stiffness and induces image artifacts. The Young’s
modulus E can be strongly biased by the unknown local stress
according to Hooke’s law E = z/{, where 7 and { are, respec-
tively, the local stress and strain.

For homogeneous and isotropic tissues, Young’s modulus
can be expressed by two parameters:
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where K and y are the bulk and shear moduli, respectively. K is
the inverse of the compressibility.
For soft biological tissues, K > u, leading to

E=3p. (@)

The great difference between K and p can also be seen as
a great difference between the compression wave speed
(typically 1540 m/s for soft biological tissues) and the shear
wave speed (a few m/s). Ultrasound structural images are
based on compression waves, i.e., their contrast is related to
the bulk modulus, whereas elastography images are based on
shear modulus contrast.

Stiffness can be accessed through the shear wave speed c;
that depends on the “local” shear modulus y and on the local
density p

¢ = \Vu/p. )

Combined with Eq. (2), this yields the fundamental equation
of dynamic elastography in homogeneous, isotropic, and incom-
pressible tissues

E =3 pc2. “)

It should be noted that in particular cases such as shear wave
propagation in soft plates with a thickness less than the shear
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wavelength, Eq. (3) is no longer valid, as the propagation regime
corresponds in such cases to a leaky Lamb wave.'?

Dynamic elastography methods consist of two steps: first, a
shear wave is induced in the sample; then, the shear wave propa-
gation is imaged. Different ultrasound-based techniques have
been developed for medical applications.'*'® Our group has
previously developed a technique called supersonic shear wave
imaging, using the ultrasound radiation force to create short
shear impulses and ultrasound ultrafast imaging to image the
shear wave propagation.'”!® Very high frame rates are required
to properly sample the shear wave propagation. Our group has
developed such an ultrafast scanner (Aixplorer®, Supersonic
Imaginig, Aix-en-Provence, France)'® emitting plane waves to
insonicate a wide area covering the whole region of interest.
Backscattered echoes are then digitally beamformed to retrieve
an echographic image. This allows to reach frame rates
>10,000 frames/s.

Here, we demonstrate that the full-field optical coherence
tomography (FF-OCT) method, that offers micrometer-scale
resolution, and is able to perform measurements of the local
shear wave velocity through optically scattering samples,
thereby opening up the possibility for Young’s modulus deter-
mination at the micrometer scale.

More precisely, we describe the experimental setup leading
to the dynamic multiwave method we have developed in order to
add an elastographic contrast to a FF-OCT image.

Interestingly, ultrafast scanners (1 to 20,000 frames/second)
were initially introduced in the medical ultrasound community
in order to track shear waves for quantitative elastography im-
aging in order to overcome the drawbacks of static elastography.
Here, we propose a similar approach in the optical domain.
FF-OCT performed with ultrafast camera technology is used
to track shear waves at similar frame rates but smaller spatial
scales. FF-OCT shear wave imaging corresponds to a multiwave
imaging approach'® giving access to the shear modulus contrast
at OCT-scale resolution.

2 Experimental Setup Combining FF-OCT
and Ultrasonically Generated Shear Waves

2.1 Shear Wave Generation

Shear waves were induced using a programmable ultrasound
scanner (Aixplorer®, Supersonic Imaginig, Aix-en-Provence,
France), initially developed by our group for ultrasound-
based shear wave imaging purposes. A 15-MHz ultrasound lin-
ear array (128 elements, pitch 100 um, elevation focus at 12 mm,
Vermon, France) was used to focus ultrasonic “pushing” beams
for tens of microseconds in the sample. The resulting radiation
force remotely creates a controlled shear source in the sample, as
proposed by Sarvazyan et al.?® This force is localized in the
ultrasound focal spot and oriented along the beam axis. It is
due to the momentum transfer from the ultrasonic wave to
the medium caused by the damping of the ultrasonic power.
The tissue relaxation that follows the application of the radia-
tion force generates a shear wave that is polarized along the ultra-
sonic beam and propagates transversally to the ultrasonic beam.
However, shear waves radiating from a single focal spot are
rapidly attenuated due to the divergence associated with spa-
tially limited shear sources. To increase the amplitude of the
radiated shear wave, quasi-planar shear waves were induced
using the supersonic shear source generation implemented on
the Aixplorer®. This original solution consists of successively
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focusing the ultrasonic beams at different depths along the
ultrasonic path. Thus, the shear source is moved at a higher
speed than the speed of the radiated shear wave, inducing con-
structive interference along a Mach cone (Fig. 1). The resulting
shear wave can propagate with minimized diffraction over
a large area.

For short ultrasonic bursts (shorter than 1 millisecond), the
spatial distribution of large tissue displacements initially corre-
sponds to the acoustic intensity distribution, i.e., a cylinder with
a lateral extension of 200 ym and an axial extension of about
1 mm in our configuration.

The use of a linear array provides great flexibility in the loca-
tion of the shear source. The shear source can be swept by
electronically focusing the ultrasound beam at different lateral
locations, without any mechanical translation involved.

The pressure levels involved are within the limits set by
the Food and Drug Administration (FDA) for the application
of diagnostic ultrasound in most organs (breast, liver, kidney,
peripheral vasculature).

2.2 FF-OCT Imaging System

Our FF-OCT system is based on a Linnik interferometer
(Fig. 2).'">* The halogen source uses a Kohler illuminator to
ensure homogeneous illumination of the sample. As the spec-
trum of the halogen source is broad, we used two filters: a high-
pass filter at 610 nm and a low-pass filter at 1000 nm in order
to avoid unnecessary heating of the sample. Taking into account
the spectral response of the camera, the effective spectral band-
width equals 200 nm, centered around 710 nm.

In each arm of the interferometer, we placed an identical
water-immersion microscope objective (Olympus, 10X, NA =
0.3). In the reference arm, we used a barium titanate wafer
mirror (reflectivity of about 7%). We recorded the images
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Fig. 1 Generation of a supersonic shear source. (a) Bursts of ultra-
sound are focused at successive depths in the organ. Each burst
creates “pushing” radiation force at focus that induces a shear wave.
As the “pushing” force is moved faster than the shear waves,
it generates, a supersonic regime is reached and shear waves accu-
mulate on a Mach cone. (b) Images (40 x 40 mm?) of micrometric
displacements induced in a tissue-mimicking phantom obtained
using the ultrasonic ultrafast imaging mode at different time steps
(from Ref. 16).
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Fig. 2 Schematic representation of the full-field optical coherence
tomography (FF-OCT) setup. For clarity, only one voxel of the sample
interfere with one pixel of the reference plane is represented; the ultra-
fast camera used here allows parallelization of 1 megapixel signals.

with an ultrafast camera (Vision Research Phantom V12, 1024 x
1024 pixels at 10,000 Hz or 512 x 255 pixels at 30,000 Hz,
12 bits, full well capacity of 20000 e™).

With this custom setup, we achieved lateral resolution of
1.4 ym and axial resolution of 1 ym with sensitivity of >60 dB
(for a single image acquisition).

As illustrated in Fig. 3, the ultrasound probe was placed
underneath of the sample, while the FF-OCT objective was facing
the top of the sample. By synchronizing the ultrasonic push with
image acquisition by the CCD camera, we were able to record the
propagation of the shear wave, i.e., to record the local displace-
ment along the z-axis induced by the shear wave propagation.

3 Shear Wave Detection Using FF-OCT and
Shear Modulus Estimation

3.1 Shear Wave Detection Using FF-OCT

By considering the manner in which the signal is generated, we
can evaluate the sensitivity of the approach. The signal /, on
each pixel of the camera can be written as

Alignment of the acoustic and
optical focal planes

(@)

acoustic push

I =1y{1+ a; cos[2zbo + ¢p(1)]}, 5)

where ag is linked to the backscattered wave amplitude interfer-
ing with the reference signal, § is the path length difference at
the pixel of interest, o is the central wave number of light, and
¢(7) is the time-dependent phase variation associated with the
displacements of the local scatterers induced by the shear wave.
As previously mentioned, displacements of the order of the opti-
cal wavelength can be induced with an acoustic power much
lower than the limits recommended by the FDA. This means
that the signals are expected to reach the usual FF-OCT
level, as the usual path modulation induced by the piezoelectric
ceramic in the sample arm (Fig. 2) is replaced by an internal
sample path modulation.

From the movie of the shear wave propagation, we calculate
the temporal cross-correlation between neighboring pixels.
From the cross-correlation calculation, we obtain the time delay,
and hence the local shear wave speed.

In order to visualize the propagation of the mechanical per-
turbation, we subtract the average of the frames captured before
the generation of the acoustic push from the whole movie. The
signal before the mechanical perturbation /;;; on each camera
pixel can be expressed as

Lini = Iy [1 + as5 cos(2x56 + @in;)]. (6)

where ¢;,; is the initial phase.
By subtracting the initial image from all images of the time-
dependent signal, a signal /g5 can be obtained as

Lyiee = Ig-as [cos(2ndo + ¢(t)] — cos[2 n6o + @ip;)]- @)

The signal in this new movie is directly proportional to the
cosine of the phase. In Sec. 4, the images shown are the absolute
value of frames from this movie.

recording of the
shear wave

(b) (c)

M ™

Fig. 3 Schematic illustrating the principle of combining FF-OCT and ultrasonically generated shear
waves. (a) First, both acoustic and optical focal plans are aligned. (b) Then by focusing compression
waves emitted by the transducer array, a shear wave polarized along the z axis is generated.
(c) Finally, the propagation of the shear wave is recorded with the FF-OCT system.
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3.2 Shear Modulus Estimation

With the method just described, we were able to detect axial
displacements with a sensitivity of about 10 nm. However,
the measurements presented here show a major difference from
the ultrasonic setup. With FF-OCT, we typically probe the top
200 um of the biological tissues, so we are not only looking at
volumetric waves but also at surface waves. At a solid/liquid
interface, as is the case here between the sample and the silicon
immersion oil used as an optical coupler, we observe shear
waves perturbed by the surface that are called Scholte waves.**

To our knowledge, there is no easy analytical expression of
the Scholte wave speed. In order to verify that what we mea-
sured is still linked to the stiffness of the sample, we used a finite
difference algorithm developed by Bossy.? Using this algorithm
based on the De Virieux scheme, we were able to simulate our
experiment. The total size of the simulation was 2 X 2 mm? with
a spatial grid step of 1 um, a temporal grid step of 1 us, and
absorbing boundaries conditions (perfectly matched layers).
We first verified that with a transducer of 15 MHz, the
Scholte wave dominates in the first 200 um of the sample.
We also showed that for stiffnesses comparable to those
found in the human body (shear wave speeds from 1 to 10 m/s),
there is quite a straightforward relationship between the Scholte
wave speed and the shear wave speed. Figure 4(a) shows a plot
of shear wave and Scholte wave speeds as a function of the
simulated stiffness, whereas Fig. 4(b) shows the ratio between
the Scholte and the shear wave speeds. From these simulations,
we can develop the following relationship between the Scholte
(Vsenolie) and the shear (v;) wave speeds as

VScholte — 0.664 x Vg + 0.01 x ’U%. (8)

This equation is verified by simulations with less than 2%
error. From Scholte wave speed measurements, we were able
to deduce the volumetric shear wave speed, and in doing so
access the shear modulus u.

Scholteﬂand shear wave speed as function of the stiffness

4 Results

4.1 Proof of Principle on a Phantom

The method was first tested on optically and mechanically
homogeneous samples.

The first sample was made of polyvinyl alcohol (PVA-
341584, Sigma-Aldrich, Saint Louis, Missouri) and silver
particles from a silver paint (PEBEO-Colorex: silver-342048,
Gemenos, France). Stiffness of PVA samples can be tuned by
the number of freezing cycles. Here, we applied two freezing
cycles with a sample made of 5% of PVA.

Figure 5(a) shows a standard FF-OCT image of the sample
using classic four phase imaging.?! Tmages at different time
points of the propagation are shown in Figs. 5(b)-5(d). This
recording was performed at 10 kHz with 1024 X 1024 pixels
and an exposure time of 30 us.

The second sample was made of agarose (Agarose-A9539,
Sigma-Aldrich, Saint Louis, Missouri) and zinc oxide (ZnO-
205532, Sigma-Aldrich, Saint Louis, Missouri) particles. ZnO par-
ticles were selected to induce optical scattering while the agarose
concentration controls the stiffness of the sample.

With a ZnO particle concentration of 0.2 mgg~! and an agar-
ose concentration of 1%, we acquired the images at 30 kHz with
512 x 255 pixels and an exposure time of 30 us.

For these two samples, we measured the shear wave speed
with an ultrasound system and the Scholte wave speed with our
fast FF-OCT system at 10 ym beneath the surface.

Table 1 presents the results obtained. We observe that there is
a good correlation between the values obtained with the ultra-
sound system and the FF-OCT system.

4.2 Ex Vivo Biological Tissues

As the final objective of this study is to aid medical diagnosis by
complementing the FF-OCT images with quantitative stiffness
information, a preliminary result on ex vivo rat brain in the
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Fig. 4 Simulation results of the propagation speed of volumetric shear and Scholte waves in isotropic
media of different stiffnesses. (a) Volumetric shear and Scholte wave speeds as functions of the square
root of the shear modulus /z. (b) Ratio between the Scholte wave speed and the volumetric shear wave
speed as a function of the square root of the shear modulus /.
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Fig. 5 Images of a PVA-silver particle sample recorded at 10,000 Hz with a field of view of
950 x 950 um?. (a) Classic four-phase FF-OCT image of the sample. Silver particles vary considerably
in size. (b)—(d) are frames from a movie of the wave propagation corresponding to t, = 100 ms, t, =

300 ms and ty; = 800 ms, respectively.

frontal lobe cortex was obtained. For this experiment, we used
the whole brain.

Figure 6(a) shows a standard FF-OCT image of the ex vivo
rat brain. Images at different time points of the propagation
are shown in Figs. 6(b)-6(e). Figure 6(f) shows the arrival
time of the acoustic wavefront at different positions along
the x axis. For each position, the signal is averaged along
the y axis. We can see that the farther we are from the source,
the longer the arrival time is. This recording was performed
at 30 kHz with 512 % 255 pixels and an exposure time of
30 ps.

Table 1 Results obtained on the PVA-silver and agarose-ZnO sam-
ples. The shear wave speed corresponding to the Scholte wave
speed measured with the FF-OCT system was calculated using

Eq. (5).

Shear wave speed

Shear wave  corresponding fo
Scholte wave  speed measured the Scholte wave
speed measured with the speed measured
with the FFOCT  ultrasound with the FF-OCT
system (m/s) system (m/s) system (m/s)
PVA-silver 1.2 1.5+£0.2 1.77
Agarose-ZnO 3.95 50+0.2 5.6
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From the movie of the Scholte wave propagation, we mea-
sure a Scholte wave speed of 0.43 ms~! corresponding to a shear
modulus of 0.41 kPa. This value of the shear modulus is quite
low; it corresponds well with the literature for values obtained in
ex vivo rat brain using MR-elastography®® as well as supersonic
shear wave imaging.?’

5 Discussion and Conclusion

To the best of our knowledge, we have presented the first com-
bination of an FF-OCT setup with an ultrafast camera for real-
time 2-D tracking of shear wave propagation. We have been able
to follow the instantaneous shear wave propagation and measure
the wave velocity that is directly linked to the local stiffness of
the sample. In parallel, we are working on static elastography
combined with FF-OCT.?® This approach provides valuable
imaging contrast but, as previously mentioned, is not able to
provide quantitative information related to the stiffness.

For this purpose, we have built an FF-OCT setup that can
function at speeds of 10,000 to 30,000 images/s. This places
it in the gigapixels/s range, a few hundred times faster than
the commercial OCT systems. The setup was easily synchron-
ized with a commercial ultrasonic system (Aixplorer®,
Supersonic Imaginig, Aix-en-Provence, France).

The signal-to-noise ratio was high enough to work on various
phantoms of different stiffnesses and with ex vivo biological tis-
sue. The ultrasound scanner was able to track shear waves from
ultrasonic radiation force “pushes” generating displacements of
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Fig. 6 Images of an ex vivo rat brain recorded at 30,000 Hz with a field of view of 471 x 235 um.
(a) Standard four-phase FF-OCT image of the sample. (b)—(e) are frames from a movie of the wave
propagation corresponding to t, =0ms, t,=0.6 ms, t;=1.2ms and t, = 1.8 ms, respectively.
(f) is the plot of the temporal evolution of the average image intensity along the y axis.

several micrometers, whereas FF-OCT was able to detect and
track shear waves from much lower acoustic intensities (more
than twofold). This is of particular interest, for example, in
the field of corneal elasticity mapping, for which the FDA
requirements in terms of acoustic deposit are very restrictive.

Although our images exhibit the standard resolution of the
FF-OCT setup (typically 1 ym in 3-D), one should bear in
mind that the determination of spatial resolution is a very
complex problem and we intend to work toward a better under-
standing of the spatial resolution in order to improve it for
further studies.
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Our measurement of the speed of the shear wave consisted of
detecting the arrival of the pulse generated by the ultrasound
“push” on each pixel by carrying out a time correlation.

Figure 7 shows the time dependence of the detected signal
for one pixel for the ex vivo rat brain experiment. As expected,
its rise time is determined by the shear wave speed and the trans-
verse dimension of the source (here about 200 ym). The deter-
mination of the time corresponding to the arrival of the acoustic
wave is linked to this rise time, the signal-to-noise ratio of the
pixels on which we calculated the correlation, and the sampling
rate (camera frame rate).
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Fig. 7 Time variation of the interferometric signal for one voxel from
the experiment on ex vivo rat brain.

As the signal-to-noise ratio depends directly on the FE-OCT
signal and is different for each pixel, it is very difficult to
calculate the characteristic spatial sensitivity of detection for
the whole image.

For example, in the case of the ex vivo rat brain, for a signal
level corresponding to the pixel shown in Fig. 7, we are able
to experimentally estimate an approximate spatial sensitivity.
With a camera frame rate of 30 kHz, a rise time of about 2 ms
and the signal level shown in Fig. 7, we approximately estimate
the smallest measurable time delay to be 150 ms. As the wave
speed is 0.43 m/s, this corresponds to a spatial sensitivity of
about 65 pum.

Up to now, the main limitation is the camera frame rate that
limits the speed of the shear wave that can be recorded. To over-
come this limitation and improve the signal-to-noise ratio, we are
currently working on implementing a stroboscopic approach.

Nevertheless, the aim of stiffness measurements is to aid
physicians with their diagnoses by complementing the FF-OCT-
based tissue characterization. We intend to perform experiments
on fresh pathological tissues, such as breast cancer tumors, and
to correlate the results with histology slides. Finally, FF-OCT
combined with the ultrasonic radiation force represents a first
step toward quantitative elastography of biological samples at
the micrometric scale.
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