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Abstract. We propose an integrated method combining low-frequency mechanics with optical imaging to map the
shear modulus within the biological tissue. Induced shear wave propagating in tissue is tracked in space and time
using phase-sensitive optical coherence tomography (PhS-OCT). Local estimates of the shear-wave speed obtained
from tracking results can image the local shear modulus. A PhS-OCT system remotely records depth-resolved,
dynamic mechanical waves at an equivalent frame rate of ~47 kHz with the high spatial resolution. The proposed
method was validated by examining tissue-mimicking phantoms made of agar and light scattering material. Results
demonstrate that the shear wave imaging can accurately map the elastic moduli of these phantoms. © 2013 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.12.121509]
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1 Introduction

The elastic properties of tissue are directly related to underlying
tissue composition and pathological state. Research has shown
that many pathological processes increase the elastic modulus of
soft tissue compared to normal.' In recent years, a number of
image-based tools have been developed to map the elastic prop-
erties of soft tissue in vivo. The most common approaches lev-
erage the phase-sensitive nature of both ultrasound and magnetic
resonance imaging (MRI), linking signal phase directly to dis-
placements. Naturally occurring physiologic processes, such as
the heartbeat, or externally applied mechanical forces, induce
tissue displacements and deformations as part of the imaging
protocol.

Tissue motion has been the subject of research in biomedical
imaging for a very long time. Renewed interest in precise
tracking using phase-sensitive (PhS) signals began in the late
1980s with the development of “sono-elasticity” methods in
which externally driven tissue vibrations were imaged with
real-time ultrasound color-flow systems.>® Similar methods
based on MRI were developed about a decade later.*®
Paralleling these developments, a number of tracking methods
emerged to image low frequency or static deformations using
both ultrasound and MRIL>!! leading to the research field
now commonly referred to as “elastography.”'>!® Recently,
many of the methods developed over the last two decades
in elastography have been applied to radiation-force induced
displacements to directly monitor tissue elasticity based on
the shear elastic modulus of tissue.'*'¢
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Although promising, these methods offer limited spatial res-
olution to detect small structures and lesions. Optical coherence
tomography (OCT)'*! is a promising, noninvasive, noncontact
technology capable of imaging tissue microstructure at high
spatial resolution. It also provides high sensitivity, enabling
the detection of submicron scale axial (i.e., along the optical
propagation direction) displacements that can be particularly
useful for dynamic elastography applications. OCT-based elas-
tography, known as optical coherence elastography (OCE),"” is
a novel extension to OCT to image the mechanical properties
of biological tissues on a scale that cannot be achieved with
other competing elastography modalities, e.g., ultrasound.'>??

Currently, most OCE methods follow an approach similar to
that of static elastography. An external load is applied to deform
soft tissue and the resulting strain is observed or measured by
OCT to derive an elasticity map. Early OCE studies used a static
or quasistatic external load,”>** with either speckle tracking of
the magnitude B-scan or PhS measurements.”>?*?’ The latter
provide highly sensitive and highly spatially resolved strain
detection.

Dynamic OCE is an active area of research in which acoustic
radiation force (ARF)*? and photothermal techniques®® are
used to create an internal dynamic load. Recently, we introduced
the use of PhS-OCT to sensitively detect surface acoustic waves
propagating on skin®' and cornea®® surfaces, leading to quanti-
fication of the elasticity of underlying tissues.

Here, we report on the temporal visualization and measure-
ment by PhS-OCT of propagating shear strain waves within tis-
sue-like materials. Such shear waves can probe tissue at greater
depths than the surface waves employed in the previous studies.
We used a stacked piezoelectric transducer to generate 5 kHz
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shear waves propagating within tissue-mimicking phantoms.
They were tracked in space and time using an optimized
PhS-OCT system at an equivalent frame rate of 47 kHz. The
lateral pixel size is 25 pm, which provides a much higher lateral
sampling than in our previous studies, allowing reconstruction
of the local shear modulus with a high spatial resolution. The
shear-wave velocity was calculated from recorded wave data
and the estimated shear modulus (tissue stiffness) was mapped
based on a straightforward reconstruction technique. The accu-
racy of quantitative measurements is verified with a set of
experiments on tissue-mimicking phantoms with the control-
lable stiffness.

2 Materials and Methods

Figure 1 shows a schematic of the system used to generate and
detect induced shear waves. It includes (a) a piezoelectric actua-
tor and driving system to generate mechanical waves propagat-
ing within the sample and (b) a PhS-OCT system to detect
and record mechanical displacements. A PC programmed with
LabVIEW (National Instruments, Austin, Texas) controlled the
entire system for synchronization and data collection.

2.1 Shear Wave Generation

A low voltage, stacked piezoelectric actuator (Thorlabs,
Newton, USA) was used to induce a displacement of 15 ym
at a maximum input voltage of 100 V. The external mechanical
load is a six-cycle toneburst at 5 kHz. This quasicontinuous
wave provides higher signal-to-noise ratio (SNR) for the speci-
fied frequency compared to that of a broadband stimulus of the
same magnitude. During experiments, the maximum actuator
displacement was restricted to 5 ym, with the typical wave
amplitude within the specimen <3 pgm. With such small strain
magnitude, the tissue-like specimen can be considered as linear,
thus avoiding the complexity of potential elastic nonlinearities
within the soft tissue. A power amplifier (AE Techron, Elkhart,
USA) with a controllable voltage gain was used to optimally
drive the actuator’s capacitance.
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mirror,
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___________ : beam
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A slender stainless steel rod with a small polished tip was
fixed to the actuator as the contact to the sample. The tip was
in a wedge shape with a width of 1.7 mm, so that the waves
generated by this tip can be considered plane waves since
this width is much larger than the wavelength. The actuator
assembly was then mounted to a precision positioning stage,
enabling precise advancement of the actuator-tip to gently con-
tact the specimen at the side (see Fig. 1). The contact between
the specimen and the actuator-tip was also visualized in real time
by the OCT system (see below), which helped to ensure con-
sistent stimulation conditions for all the measurements.

2.2 Shear Wave Visualization Technique

The PhS-OCT system shown in Fig. 1 detected mechanically
induced shear waves. It employs a spectral domain OCT
(SD-OCT) setup®? illuminated by a superluminecent diode
(SLD) (DenseLight Semiconductors Ltd., Singapore) emitting
a 1310-nm central wavelength with ~46-nm spectral bandwidth.
The light from the SLD was coupled to a fiber-based Michelson
interferometer via an optical circulator. In the sample arm, light
was focused onto the sample, whereas in the reference arm, light
was delivered to a stationary mirror. The coupler recombined the
backscattered light from both the reference and sample arms to
form a spectral interferogram, which was detected by a line-scan
camera based spectrometer. A 14 bit, 1024 pixels InGaAs line-
scan camera (Sensors Ltd., New Jersey) was used in the spec-
trometer to produce an A-line rate of 46.992 kHz, corresponding
to the sampling rate for mechanical wave capture. This repeti-
tion rate is sufficient to fully sample the primary mechanical
wave (5 kHz). With the fast processing of spectral interfero-
grams,*® this system can provide structural and phase map
images in real time.**

To track shear waves propagating in tissue, the PhS-OCT was
operated in M-B-mode, wherein a sequence of 256 A-scans (one
M-scan) was captured at every spatial location sequentially
within the B-scan (total 128 locations) mode while the actuator
repeatedly fired the stimulus. Thus, a complete M-B-scan
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Fig. 1 Schematic of system for shear wave imaging, where (a) sub-system to generate mechanical waves, and (b) PhS-OCT system to detect and record

generated shear waves.
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Fig. 2 lllustration of scanning protocol.

consists of 256 X 128 A-scans. Synchronization of shear wave
generation and OCT beam scanning was precisely controlled
using custom software written in the LabVIEW language.
PhS data output from the spectral interferograms was used
to calculate 256 B-frames of the displacement field. Localized
displacement estimates were obtained by comparing phase
differences within the M-scan. The axial component of the
displacement u, at a given pixel at time ¢, i.e., u,(x,z,1),
was computed from the linear relationship between the displace-

ment and the phase difference between adjacent A-scans:*>>°
Ap(x,z.t) - 4
u,(x,z,t) = ———, 1
(% 2.7) 4zn 1)

where Ag is the detected phase change, 4 is the central wave-
length of the SLD (1310 nm), and # is the refractive index of
the sample. Figure 2 illustrates this scanning approach, where
the displacement field over a cross section is imaged with time.
A typical structural image is also presented in this figure.

Each M-scan took approximately 15 ms, thus the full M-B-
scan took <2 s for a single measurement. The scan range of
the B-scan (128 locations) was 2.5 mm, which limited the lateral
pixel size to ~25 ym. The axial pixel size is ~5 ym. The
dynamic range of the PhS-OCT system was measured to be
~100 dB at 0.5-mm axial depth with a phase noise of 3 mrad.
However, the SNR in the region of interest (ROI) of the tissue
sample was ~50 dB.

2.3 Tissue-Mimicking Phantoms

Similar to our previous studies,’’ we used tissue-mimicking

phantoms to verify our proposed approach. Agar is an easily
accessible material that can be used to produce tissue phantoms
with controllable mechanical properties similar to those of
human soft tissue.’® By increasing agar concentration, we pre-
pared a series of agar—agar phantoms to mimic Young’s modu-
lus (shear modulus) in soft tissue such as within the anterior
segment of the eye. To produce these phantoms, the proper
amount of agar—agar powder (Fisher Scientific Inc.,
Pittsburgh, Pennsylvania) was stirred into boiling distilled
water until completely dissolved. Before casting into an 8-mm
high, 50-mm diameter Petri dish, a few drops of milk were
added as scattering particles to facilitate OCT detection. We
made the specimens with agar—agar concentrations between
0.5% and 2% (W/V), producing phantoms that could be easily
handled mechanically for the studies presented below.
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2.4 Shear-Wave Velocity Extraction

After dynamic tissue displacement data (i) were acquired using
the PhS-OCT system, the shear-wave velocity could be recon-
structed using a time-of-flight algorithm. In short, shear waves
were tracked through time and local displacements along
the propagation direction and were correlated with space co-
ordinates at a specific time to estimate shear-wave speed at
that time/position.

Shear-wave speed is directly related to the linear elastic
modulus of gels and soft tissues in which Poison’s ratio
approaches 0.5. For these materials, an incompressible elastic
model can be assumed in which the shear modulus (x) is
simply proportional to the modulus of linear elasticity, i.e.,
Young’s modulus E, according to the expression E = 3pu.
Measurement of either Young’s modulus, as in static elastogra-
phy reconstruction routines, or the shear modulus fully charac-
terizes the linear elastic properties of soft tissue. Consequently,
reconstruction of the shear modulus from shear wave measure-
ments can fully characterize the linear elastic properties of the
soft tissue sample under study.

In a homogeneous, incompressible, and isotropic medium,
the shear-wave speed can be written as

¢, = /5 0))

P

where yu is the shear modulus describing the linear elasticity in
the material and p is the material density.

For a locally homogenous medium (i.e., spatial variations of
elastic properties occur on a larger scale than the shear wave-
length), a shear wave at a specified frequency would travel
with the constant speed, i.e., the phase delay A¢ and distance
along a wave path Ar is linear; thus,

Cy(w)

@

Experimentally, the shear-wave speed can be calculated
using the measurements of Ag and Ar, i.e., the phase shift
and distance that the wave traces at a specific location produce
an estimate of the shear-wave speed according to Eq. (3). A
number of points along a line can be used to specify the propa-
gation path. The displacement waveforms at these points are
then analyzed generating a series of phase delays as a function
of corresponding position offsets. Linear fitting to these phase
delays produces the shear-wave velocity according to Eq. (3).

2.5 Two-Dimensional (2-D) Reconstruction of
Shear Modulus Map

To reconstruct the shear modulus map from shear wave pro-
cessing, an inverse algorithm is needed. As the localized
displacement field () within the sample is captured, not only
can the localized wave velocity be extracted at the specified
wave path using the method described above, but also the
wave velocity map can be reconstructed by solving the wave
propagation equation:***’

%l

== UV 4)

p

This is a Helmholtz equation assuming that the medium is
locally homogeneous and isotropic. Here, u is the shear modulus
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and p is the density. By transforming the displacement vector u
into its three components, Eq. (4) takes the form

azu,- - /i (azui + dzui + 0214,)
o pl\ox? oy o2 )’

As dynamic wave data obtained from PhS-OCT represent
one component of the displacement field along the direction
of the probe beam (u,), two of the three second-order spatial
derivatives can be calculated in the imaging area (xz-plane).
In our configuration, since the out-of-plane width of the shear
wave is far larger than the elevation thickness of the OCT
imaging plane, the out-of-plane displacement (u,) is nearly con-
stant over the slice thickness and variations in this displacement
component can be ignored in the ROI; thus

i=(xy,2). ()

u Pu Pu
dyzz < dxzz ()xzz’ ©

and Eq. (6) simplifies to
0 Pu, 0
) %
ot p \ Ox 0z

Assuming the attenuation of acoustic waves in the frequency
range of interest is small, the relationship between shear modu-
lus and shear-wave velocity can be simplified to

u=pVs, ®)

where V is the shear velocity computed as the square root of the
ratio between temporal and spatial second derivatives, which
is available from the u, images estimated in the experiment.
Multiplexing these equations, the local shear modulus is then
reconstructed as

(5).,

v

2

1 N
u(x.z) pﬁz(mﬁw) ©)

n=1

where T is the B-frame sampling period and N is the total frame
number. The computational power required for this inversion
algorithm is much lower than that needed for previous phase-
resolved OCE methods.”’” On a standard dual core 3.3 GHz
PC, the reconstruction of the 2-D spatial elasticity map from
the displacement data took ~5 s.

3 Results

3.1 Quantitative Measurement of Shear Modulus on
Tissue-Mimicking Phantoms

Shear wave imaging experiments were performed on a series
of tissue-mimicking phantoms with agar—agar concentrations
of 0.5%, 0.75%, 1%, 1.5%, and 2% (W/V), respectively.
Guided by real-time structural images provided by PhS-OCT,
the phantom was advanced by a translation stage so that the
actuator-tip was mechanically coupled to the phantom surface
at the side (see Fig. 1). One typical image of the displacement
field, overlaid onto the structural image of the phantom, is pre-
sented in Fig. 3.
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Fig. 3 Displacement field overlaid onto structural image of a homog-
enous phantom.

With the stimulation source generating a 5 kHz mechanical
wave, shear wave phase images from the different agar—agar
phantoms showed wave patterns of varying wavelength. Typical
patterns from four phantoms are shown in Fig. 4. Differences
in the wavelength are clearly distinguishable between each
specimen, demonstrating differences in wave velocities, thus the
stiffness. We note that because the free boundaries are very close
to the shear wave source, induced mechanical waves are most
likely Rayleigh-like with the mixed longitudinal and shear com-
ponents. For this geometry, the estimated propagation speed
is closer to that of Rayleigh waves. As Rayleigh waves exhibit
slower propagation speeds than the bulk shear waves, the simple
analysis presented above for bulk shear waves likely underes-
timates the shear-wave speed by about 5%. However, this esti-
mate can be used to compare relative values of shear modulus
between different materials.

To calculate the shear-wave velocity in the phantom with the
time-of-flight method, a wave propagation path with a known
direction needs to be defined. The target shear wave paths
are selected near the sample surface and about one wave length
in depth, where the wave propagation direction is nearly hori-
zontal. For every pixel on this wave path, temporal displacement
data are taken for analysis. As an example, wave traces on the
path shown in Fig. 3 are plotted in Fig. 4(e). By calculating the
phases at 5 kHz frequency for each wave trace, the phase delay
versus offset distance from the first point is shown in Fig. 4(f).
The slope,Ar/Ag, resulting from linear fitting, is then used to
solve Eq. (3) for the wave velocity C,. Figure 5 shows the recon-
structed shear modulus map for an agar phantom with 0.5%
agar concentration. The shear modulus map (color scale) is
superimposed on the B-scan (gray scale). The shear modulus
is displayed wherever the correlation coefficient of the linear
fitting is greater than 0.99. The median shear-wave speed across
the imaging plane is estimated to be 1.8 + 0.5 m/s, correspond-
ing to a shear modulus of 3.28 £ 1.77 kPa.

In Fig. 6 measured shear wave velocities in agar—agar phan-
toms are presented, along with the results extracted from prior
literature.™ Note that the prior method used magnetic resonance
elastography to estimate shear-wave speed at an excitation fre-
quency of 400 Hz for the results presented in Fig. 6. We per-
formed repeated measurements on each specimen (n = 5) to
provide an estimate of standard deviations (SDs), as shown by
the error bars in this figure.

The measured shear wave velocities generally agreed well
with the literature values: the deviation is smaller than 6% of
the shear-wave speed for the different agar concentrations.
This value is comparable to the SD of the experimental measure-
ments, which is ~5% of the shear-wave speed. The consistent
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Fig. 4 (a—d) Wave propagation pattern in agar phantoms with agar concentration: (a) 0.5%, (b) 0.75, (c) 1%, and (d) 2%, respectively [see also
(Videos 1-4, MPEG, 4.7 MB each) [URLs: http:/dx.doi.org/10.1117/1.JBO.18.12.121509.1, http://dx.doi.org/10.1117/1.JBO.18.12.121509.2,
http://dx.doi.org/10.1117/1.JBO.18.12.121509.3, http://dx.doi.org/10.1117/1.JBO.18.12.121509.4], corresponding to (a—d)]. (e) Wave traces along
the specified wave propagation path shown in Fig. 3 as “Px.” (f) Linear fitting of the phase delays versus position offsets from the first point.
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Fig. 5 Shear modulus map of a 0.5% agar phantom.

underestimation can also be a result of measuring the velocity
within about one wavelength of a free surface where Rayleigh
wave effects tend to reduce the apparent wave velocity. In any
event, the results presented in Fig. 6 are very precise (i.e., small
measurement errors) and match well with the literature values
for shear-wave speed in similar agar gels.

3.2 2-D Shear Modulus Reconstruction for
Phantom with Inclusion

In Fig. 7(e), the structural image of an agar phantom with a
cylindrical inclusion is presented. The inclusion was ~500 ym
in diameter and made of 1% agar solution, while the background
was made of 0.5% agar. In the B-mode OCT image [Fig. 7(e)],
the boundary of the hard inclusion is barely visible, as indicated
by the dotted line. However, the stimulation tip attached to the
left side of the tissue-mimicking phantom is clearly visible.

©
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[ IMeasured value BS
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i)
}

w

Shear wave velocity (m/s)
N
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0.5 0.75 1.0 1.5 2.0
Agar concentration (% m/v)

Fig. 6 Measurement results of shear-wave velocity in agar phantom.

After processing M-B-scan data, the B-frame sequence of
displacement maps was generated, i.e., full wave propagation
data. Typical phase frames are presented in Figs. 7(a)-7(d) at
different time points, where propagation of shear waves can be
observed.

A major benefit of directly visualizing these wave patterns
is that the wave propagation direction at specific locations
can be easily identified as normal to the displacement front.
This facilitates the extraction of shear-wave velocity using
the time-of-flight method. Two propagation paths were selected,
as shown in Fig. 7(e), each containing 20 wave traces. For each
path, we performed the time-of-flight method to estimate the
wave velocity, as shown in Fig. 7(g). The shear-wave velocity
was calculated by linear fitting to these curves, yielding 1.71 and
4.13 m/s in paths 1 and 2 [Fig. 7(e)], respectively. These results
are in good agreement with the wave speeds found in equivalent
gels (cf. Fig. 6). By substituting these values in Eq. (2), the shear
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Fig. 7 (a—d) Displacement field B-frame images at different time points [see also (Video 5, MPEG, 3.5 MB) [URL: http://dx.doi.org/10.1117/1.JBO.18.12
.121509.51: (@t =2 Ts(b)t =4 Ts(c) t = 6 Ts (d) t = 8 Ts, respectively. (e) B-mode structural image of agar phantom with inclusion. (f) Quantitative
map of shear modulus (4) computed from the dynamic shear wave visualization. (g) Linear fitting of phase delays versus position offsets for two selected

wave propagation paths.

moduli in these two regions are 2.92 and 17.06 kPa, respec-
tively. Note that these two paths are located, respectively, in
the hard inclusion and soft background.

To obtain a quantitative shear modulus map in the measured
phantom, we applied the reconstruction algorithm to all spatial—
temporal wave propagation data. The result is shown in Fig. 7(f)
with the shear modulus color-coded and overlaid onto the gray
scale structural image using precisely the same display dynamic
range as that of Fig. 5. In the region near the contact with the
stimulation tip, the shear modulus value is not accurate because
the simple wave equation of Eq. (7) is not applicable in the
immediate source region. Overall, this image clearly demon-
strates the capability of the current approach to differentiate
stiffness within mechanically heterogeneous tissue. The position
and shape of the inclusion are clearly visible, with the boundary-
matched well with its expected location. The lateral resolution
of the shear modulus map is affected by two main factors. First,
the linear fitting of the phase delay curve is performed over
~500 pum. Second, the shear wave can be diffracted by the inclu-
sion. By comparing shear modulus values with the time-of-flight
method, consistency is maintained in both the stiff lesion region
(~17 kPa) and the homogenous background (~3 kPa).

4 Discussion and Conclusions

In this study, we demonstrated a novel shear wave imaging tech-
nique combining acoustic biomechanical analysis and remote
PhS-OCT measurement of dynamic displacement fields.
Using the time-of-flight method, i.e., analyzing phase delays
versus distance traveled by the dynamic wave, the shear-wave
velocity in the specimen can be calculated to provide quantifi-
cation of the shear modulus. Through simple algebraic inversion
of the wave equation, we have shown that tissue elasticity can be
successfully mapped.

Shear wave imaging offers a new way to measure the local-
ized shear modulus, while PhS-OCT provides a complementary
structural image of the same tissue. The ability to measure the
localized shear modulus in conjunction with the morphology at
high resolution has significant advantages over conventional
ultrasound or MRI methods for those applications where OCT
represents an appropriate imaging modality. Indeed, we hope
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that this approach will lay the foundation for future in vivo stud-
ies of the mechanical properties of tissue microstructures, espe-
cially for clinical applications in ophthalmology (cornea and
intraocular lens) and dermatology (epidermis and dermis).

The model used here for image reconstruction assumed
a constant propagation speed as a function of frequency with
no propagation loss resulting from viscosity. Of course, both
of these assumptions are not accurate for shear wave propaga-
tion in soft tissue over the kilohertz range. Both velocity
dispersion and frequency dependent attenuation are significant.
Future studies will explore frequency dependent propagation
effects and attempt to capture dispersion measurements as part
of the shear wave imaging protocol.

Although elastic modulus maps in these well-controlled
phantoms were well correlated with the physical characteristics
of the gels used, there were systematic variations in recon-
structed values due to the limitations in the assumed wave
propagation model. For example, an infinite medium is
assumed, in which there are no reflected waves.*! By definition,
elastic heterogeneities produce reflected waves which are not
captured in the simple model of Egs. (4)-(9). Also, diffraction
from a finite source has not been modeled. Future studies
will look at ways to capture these physical effects into a more
sophisticated propagation model leading to more robust recon-
structions in highly heterogeneous tissue. Biological tissue can
exhibit such a complex, highly heterogeneous, structure. A first-
order approximation considers different tissue types as effective
media with an effective shear modulus that reflects both the
background and elastic heterogeneities smaller than the shear
wavelength. The simple reconstruction method presented here
is very powerful and should be the starting point for any future
improvements.

Tissue motion due to physiologic effects not correlated with
the induced displacements can limit the effectiveness of any
dynamic elastography system. Many techniques have been pro-
posed to minimize the influence of motion artifacts on dynamic
displacement measurements.*’> Given the high temporal sam-
pling rate of the shear wave imaging system presented here,
motion compensation algorithms should be possible. Future
studies will also be directed toward robust algorithms
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minimizing the effects of potential motion artifacts on images of
the shear-wave velocity.

Finally, there are additional limitations on the method pre-
sented here due to the direct contact required to launch shear
waves. Given the high sensitivity of the PhS-OCT detection sys-
tem, shear wave generation using a nondestructive radiation
source may be a feasible approach to noncontact implementa-
tion. Both focused UV radiation serving as a photoacoustic
source, as well as focused ultrasound acting as an ARF, will
be tested as tools to induce propagating shear waves. This
will extend the possibility of a noncontact shear wave imaging
elastography with our method. It is hoped that the developments
reported here will help to improve this novel elastography diag-
nostic technique for widespread biomedical applications.
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