Biomechanical properties of soft tissue measurement using Optical
Coherence Elastography

Marjan Razani', Adrian Mariampillaiz, Cuiru Sun?, Victor X.D. Yang2’3, Michael C. Kolios'
(1) Department of Physics, Ryerson University, Toronto, Canada
(2) Department of Electrical and Computer Engineering, Ryerson University, Toronto, Canada
(3) Division of Neurosurgery, University of Toronto, Toronto, Canada

Abstract

Optical Coherence Tomography (OCT) provides images at near histological resolution, which allows for the identifica-
tion of micron sized morphological tissue structures. Optical coherence elastography (OCE) measures tissue displace-
ment and utilizes the high resolution of OCT to generate high-resolution stiffness maps. In this work, we explored the
potential of measuring shear wave propagation using OCE. A swept-source OCT system was used in this study. The la-
ser had a center wavelength of 1310 nm and a bandwidth of ~110 nm. The lateral resolution was approximately 13 um in
the samples. Acoustic radiation force was applied to two different phantoms using a 20 MHz circular 8.5 mm diameter
piezoelectric transducer element (PZT, f-number 2.35) transmitting sine-wave bursts of 400 ps. The first phantom con-
sisted of a 355 um glass sphere (dark) embedded in gelatin that was used to characterize the ultrasound pushing beam.
The second consisted of gelatin mixed with titanium dioxide, which provided uniform acoustic and optical scattering.
The OCT signal from this second set of phantoms was used for the measurement of the shear wave speed and viscosity.
For both sets of experiments phase analysis was applied to B-mode and M-mode OCT images which were obtained
while the ultrasound transducer was generating the “push” in the phantom. The experiments are the first step towards
imaging shear wave propagation in tissue and characterization of tissue mechanical properties using OCE, with the even-
tual goal of developing OCE as a diagnostic tool for the assessment of pathological lesions with different mechanical
tissue property.
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1. Introduction

Elastography is a method in which stiffness or strain images of soft tissue are generated for diagnostic purposes [1]. An
imaging modality is used to image tissue deformation behavior under a static or dynamic load and ultimately generate
images called elastograms. Elastograms contain information about local variations of the stiffness inside a region of in-
terest and may provide additional clinical information to aid in the identification of suspicious lesions, the diagnosis of
various disease states and the monitoring of the effectiveness of treatments. Different imaging modalities can be used to
measure tissue displacements and estimate the resulting tissue mechanical properties such as ultrasound or magnetic re-
sonance (MR) imaging [2]. The drawbacks of MRI are that it is technologically complex, expensive and has long clinical
wait times. Moreover, both MRI and ultrasound do not have sufficient resolution to detect small and subtle elastic varia-
tions in tissue such as in small tumors and atherosclerotic plaques. Optical Coherence Tomography (OCT) is an optical
tomographic imaging technique that shares many similarities to ultrasound imaging despite using light. OCT has several
advantages over other imaging modalities, primarily due to its inherently high resolution, which allows for the identifica-
tion of micron sized morphological tissue structures. This increased resolution comes at the expense of limited imaging
penetration depth, which is on the order of a few millimeters. The technology is also flexible and inexpensive. Optical
coherence elastography (OCE) measures tissue displacement using OCT and benefits from the high resolution of this
imaging technology. OCE is a relatively new elastography technology used to measure biomechanical properties of soft
tissue [3]. During OCE, the tissue can be excited internally or externally and statically or dynamically [4]. Methods of
creating dynamic compressions include acoustic radiation force (ARF) and low-frequency vibration [5].
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To assess mechanical properties of tissues, there are several research groups that are investigating the use of acoustic
radiation force excitation to produce the transient excitations. Acoustic radiation force imaging is used in general elas-
ticity imaging methods [6-10], for the characterization of lesions [11, 22], muscle screening [12], and imaging the calci-
fication of arteries [13]. Most of the researchers are investigating methods to measure the mechanical properties of tissue
using external excitation of the tissue [14]. To calculate the mechanical properties the tissue shear wave speed was
measured. This approach assumes that the shear wave propagates in homogeneous tissue. There are several ways that the
speed of the shear wave can be measured. These methods include the inversion of the Helmholtz equation which charac-
terizes the shear wave propagation [15, 16], lateral time to-peak displacement algorithms [21], tracking displacement
field jitter that is associated with shear waves [17, 18] and a variety of correlation-based algorithms [19, 20]. The speed
of the shear waves that propagate in the soft tissue is directly related to the shear modulus of the material [21, 22].
Traditional compression wave imaging, such as ultrasound elastography, provides measurements based on the tissue
bulk modulus, which is confined to a relatively small range for soft tissues. The shear modulus for the soft biological
tissues span a much larger range compared to the bulk modulus, by several orders of magnitude [23, 24]. Therefore,
shear modulus measurement using the proposed shear wave OCT could potentially be used better differentiate tissue
structures.

2. Acoustic Radiation Force

Acoustic radiation force is produced by a change in the energy density of the incident acoustic field [25, 26]. The acous-
tic radiation force is generated by the transfer of momentum from the acoustic wave to the tissue. The force is applied in
the direction of the longitudinal wave propagation and the magnitude of the force can be approximated by:

F=— (1)

where F, kg/(s * cm ?), is acoustic radiation force, ¢ (m/s) is the speed of sound in the medium, o. (Np/m) is the absorp-
tion coefficient of the medium and I (W/cm?) is the temporal average intensity at a given spatial location[27]. Figure 1
shows the principle of shear wave generation. Shear waves can be generated by using a focused impulse generated by a
transducer. The impulse creates a displacement in the direction of ultrasonic beam propagation which is largest at the
focus of the transducer. Immediately after the impulse the material relaxes back to its original state producing a shear
wave. The shear wave propagates in the direction perpendicular to the direction of the focused ultrasound propagation.
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Figure 1.The principle of shear wave generation. Shear waves can be generated by using a focused
impulse generated by a transducer.
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2.1 Shear Moduli and wave propagation

By using the Voigt model for a homogenous medium, the shear wave speed C, describes by following equation 2 which
is related to the shear modulus p;, shear viscosity p,, shear wave angular frequency ®, and tissue density p as following
[28,26, 29].

Cs(w)Z\/ 2(ua? + 01122/ p(ua +  ua? + 0?ps?) @)

Experimentally, the displacements of shear waves at each tracking location are calculated based on a speckle tracking
algorithm. The shear wave speed could be calculated using Ag and Ar calculated from the measured phase shift and the
distance between the two tracking locations. Shear wave speed is calculated by the following equation.

wAr

Colw)=7o 3)

Where =2 1 f, Ao is the phase shift and Ar is the distance between the two tracking locations.

To characterize the acoustic radiation force, the displacement of a rigid sphere intercepting an ultrasound beam can be
analyzed. A rigid sphere scatters and absorbs a portion of the ultrasound wave incident upon it; the resulting medium
displacement caused by the motion of the sphere [30-34] can be used to calculate the mechanical properties of the me-
dium [35]. The motion of a sphere that is exposed to such a beam has been studied by Oestreicher [37], amongst other
investigators [36-38]. It can be shown that the sphere motion caused by the acoustic radiation force is related to the vis-
coelastic properties of the medium, and that this motion can be analyzed to extract the local mechanical properties of the
medium.

3. Materials and Methods

In this study, we present a dynamic excitation OCE technique using the ultrasound ARF. A custom swept-source OCT
system was used in this study. The laser had a center wavelength of a 1310 nm and a bandwidth of ~110 nm. The lateral
resolution was approximately 13 pum in the samples. Acoustic radiation force (internal mechanical excitation) was ap-
plied by a 20 MHz circular 8.5 mm diameter piezoelectric transducer element (PZT, f-number 2.35) transmitting sine-
wave bursts of 400 ps. The PZT element push sequence was synchronized with the OCT imaging system.

In this study, we used two different samples. The first type of phantom consisted of a 355 um glass sphere (dark) em-
bedded in gelatin and was used to characterize the ultrasound pushing beam. The second phantom consisted of gelatin
mixed with titanium dioxide which provided uniform acoustic and optical scattering. For both phantoms, Gelatin sam-
ples (Type B, Fisher Scientific, G7-500) were constructed to test the method. Gelatin powder and distilled water were
heated in a water bath at 60—65 °C for one hour and periodically stirred. When the sample cooled to 40 °C, then for first
phantom 0.1% weight by-weight (w/w) formaldehyde was added and thoroughly mixed. Liquid gelatin was poured into
the sample mold (height 20 mm). A 355 pm glass sphere (dark) was introduced just prior to gelling. The sphere was used
to characterize the ARF beam. For the second phantom, 0.1% weight by weight titanium dioxide (Sigma-Aldrich, Tita-
nium(IV) oxide nanopowder, <25 nm particle size, 99.7% trace metals basis) was added and thoroughly mixed. Molten
titanium dioxide — gelatin was poured into rectangle molds (20 mm height) and allowed to congeal. The titanium dioxide
was used as a scattering agent.
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Figure 2.Schematic diagram of Acoustic Radiation Force-Optical Coherence Elastography (ARF-OCE). The ex-
perimental set-up consisted of a phantom, a focused transducer (20 MHz, f-number 2.35), a function generator
(Agilent 33250A 80 MHz, Function / Arbitrary Waveform Generator) and an amplifier which was synchronized
with the OCT system.

The OCT signal from this second set of phantoms was used for the measurement of the shear wave speed and viscosity.
The ultrasound “push” transducer is synchronized with the OCT imaging system. For both sets of experiments phase
analysis was applied to B-mode and M-mode OCT images which were obtained while ultrasound transducer was gene-
rating the “push” in the phantom. A fast Fourier transform was performed on the OCT data and phase maps of the phan-
tom under ultrasound loading were generated, which are directly related to the acoustic radiation force induced dis-
placement in the phantom.

Figure 3.Experimental setup for imaging shear wave propagation. The OCT galvo scanner is at the top of the im-
age, the 3D micrometer stage which is used for attaching the phantom to the pushing transducer is shown at the
bottom.
4. Results and Conclusion
A B-mode OCT image of the sphere is shown in Figure 4a. The arrow in this figure denotes the position from where M-

Mode OCT images were acquired. Figure 4b shows the phase of the M-mode OCE image, which is proportional to the
displacement of the sphere over time.
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Figure 4. (a):B-Mode structural OCT image of 355 um glass sphere (dark) embedded in gelatin which was used to
characterize the ultrasound pushing beam.(b): Phase measurement from surface of glass sphere during the ARF
impulse and subsequent relaxation.

Figure 5 shows the B mode image of the titanium dioxide — gelatin phantom and the arrow denotes the position from
which the M-mode OCT images were acquired.

Figure 5.B-Mode structure image of the titanium dioxide — gelatin phantom (See Figure 6 for the corresponding
phase map). The arrow denotes the position from which the M-mode OCT data were acquired.
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Figure 6.B-Mode phase map from the titanium dioxide — gelatin phantom used to measure A» and A¢ for the cal-
culation of the shear wave speed. The color scale represents the change of the phase value.
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Figure 7.M-Mode phase map from the titanium dioxide — gelatin phantom used to calculate the shear wave fre-
quency. The color scale represents the change of the phase value.

By calculating the time difference between successive peaks in the M mode dataset of Figure 7, the frequency of the
shear wave was calculated to be approximately 266 Hz. The shear wave speed could then be calculated using Ar and Ag
calculated from the measured phase shift and distance between the 2 successive peak locations which were obtained
from Figure 6. These values were then used in equation 3 to calculate the shear wave speed. The shear wave speeds for
the 14% and 8% gelatin - titanium dioxide phantoms were 2.2440.059 m/s and 1.49+ 0.046 m/s respectively (table A).

The Young’s modulus and shear modulus were calculated from the experimental results using the following equation
(which assumes an isotropic homogeneous medium):

C= |- @

and

E=3u=3C’p s)

where p, E represents the shear modulus and Young’s moduli respectively. The measured density p of the phantom sam-
ples was 1100 kg/m®. Table A summarizes the Young’s and shear moduli for both phantoms. The shear modulus esti-
mated using OCE for phantom 1 was 5.514+ 0.065 KPa and for phantom 2 was 2.4440.051 KPa. The Young’s modulus
estimated using OCE for phantom 1 was 16.55+ 0.195 KPa and for phantom 2 was 7.33+ 0.153 KPa. As expected the
values of the shear and Young’s moduli were greater for the phantom with the higher concentration of gelatin.

Table (A): mechanical properties of phantoms.

Samples Shear wave speed(C;,m/s) Shear modulus(u, KPa) Young modulus(E, KPa)
Samplel (14%) 2.2440.059 5.51% 0.065 16.55+ 0.195
Sample 2 (8%) 1.49+ 0.046 2.4440.051 7.33£ 0.153

In the summary, we have demonstrated a technique that uses acoustic radiation force for the mechanical excitation of a
gelatin phantom. The mechanical excitation produces motion within the phantom that can use for the estimation of the
phantom mechanical properties using OCE. This was achieved by measuring both the displacement of a sphere embed-
ded in the gelatin phantom and the displacement in a homogeneous phantom using OCT phase maps. We conclude the
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Optical Coherence Elastography can be used to measure the tissue stiffness properties by tracking tissue displacement
after dynamic excitation. From the shear wave speed measurement, the Young’s and shear moduli of the gelatin phantom
mixed with titanium dioxide were calculated.
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