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Abstract: Optical coherence elastography (OCE) has been proposed for a range of clinical
applications. However, the majority of these studies have been performed using bulky, lab-
based imaging systems. A compact, handheld imaging probe would accelerate clinical
translation, however, to date, this had been inhibited by the slow scan rates of compact
devices and the motion artifact induced by the user’s hand. In this paper, we present a proof-
of-concept, handheld quantitative micro-elastography (QME) probe capable of scanning a 6 x
6 x 1 mm volume of tissue in 3.4 seconds. This handheld probe is enabled by a novel QME
acquisition protocol that incorporates a custom bidirectional scan pattern driving a
microelectromechanical system (MEMS) scanner, synchronized with the sample deformation
induced by an annular PZT actuator. The custom scan pattern reduces the total acquisition
time and the time difference between B-scans used to generate displacement maps,
minimizing the impact of motion artifact. We test the feasibility of the handheld QME probe
on a tissue-mimicking silicone phantom, demonstrating comparable image quality to a bench-
mounted setup. In addition, we present the first handheld QME scans performed on human
breast tissue specimens. For each specimen, quantitative micro-elastograms are co-registered
with, and validated by, histology, demonstrating the ability to distinguish stiff cancerous
tissue from surrounding soft benign tissue.
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1. Introduction

Using elastography to image the mechanical properties of tissue has the potential to aid in
disease diagnosis and tissue characterization in a number of clinical applications [1-3].
Optical coherence elastography (OCE) [4,5] is an emerging high-resolution variant of
elastography that utilizes optical coherence tomography (OCT) [6] to measure the
deformation of biological tissue in response to a mechanical load. As such, OCE is capable of
generating a two-dimensional (2-D) or three-dimensional (3-D) map of the mechanical
properties of tissue on the micro-scale. A range of OCE techniques have been developed,
often classified based on the loading mechanism, e.g., compression and shear wave [3,4,7].
Owing largely to the benefit of high resolution, rapid acquisition and the ability to generate 3-
D elastograms, the potential of OCE has been examined for a range of applications, e.g., in
ophthalmology [8,9] and oncology [10,11].

To date, clinical feasibility studies in OCE have largely been performed using bulky, lab-
based, bench-top setups [11,12], unsuitable for use in many clinical settings. In one
preliminary study, OCE on skin was demonstrated in a quasi-handheld format where
supporting apparatus was required to stabilize the probe [13]. However, a fully handheld
probe would greatly facilitate the continued clinical development of OCE. More specifically,
it would be of great benefit to intraoperative imaging in breast-conserving surgery, which has
the potential to reduce the rate of involved margins found postoperatively [14-16] and,
therefore, to reduce the number of patients requiring re-excision surgery (~20-30%) [17,18].
Currently, there is no effective method to accurately and rapidly assess tumor on the micro-
scale where it is often missed [19-22].

In previous work, our group has demonstrated that quantitative micro-elastography
(QME), a compression-based, phase-sensitive OCE technique, has the potential to identify
tumor based on its elasticity [12,23]. This work has shown that a bench-mounted QME
system is capable of delineating involved margins by investigating freshly excised breast
tissues [12]. A handheld probe would potentially enable a direct and rapid assessment of
surgical margins in vivo, and to scan the surgical cavity for residual tumor.

In this paper, we present the first demonstration of a compact, support-free, handheld
QME probe on human breast tissue specimens. The probe utilizes a microelectromechanical
system (MEMS) mirror to scan the beam across the sample surface. The small footprint of the
MEMS module (8 x 8 x 3 mm), incorporated with a small scanning mirror (3 mm in
diameter), facilitates a far more compact handheld probe than is achievable using the
galvanometer-based scanners used previously in QME [12,13,23]. In addition, our QME
probe incorporates a custom annular lead zirconate titanate (PZT) actuator, providing
uniform, periodic mechanical loading to the tissue, combined with a two-section compliant
silicone layer, to estimate the stress at the tissue surface.

Whilst the size of MEMS scanning mirrors matches well with the requirements of
compact handheld probes, the achievable scanning speed is limited by the relatively low
mechanical resonant frequency of these devices (typically 100-1000 Hz). In handheld QME,
the relatively low scanning speed exacerbates the issue of motion artifact induced by the
user’s hand, as well as involuntary movement of the patient in in vivo imaging. Such motion
artifact manifests in two main ways: firstly, in the OCT image, the fidelity of the spatial
sampling of the tissue can become corrupted; and secondly, in micro-elastograms, the
mechanical contrast and QME signal-to-noise ratio (SNR) can be degraded by a modulation
of the mechanical loading. In previous work on a related technique, referred to as optical
palpation [24], to overcome the image fidelity issue, our group developed an algorithm to
correct for relative motion between OCT B-scans using digital photographs acquired
simultaneously with OCT B-scans [25]. However, this approach does not address the issue of
degraded mechanical contrast and QME SNR. Furthermore, the problem of motion artifact in
QME is increased by the requirement to scan the same region of tissue twice, as two B-scans
are required at each y-location to generate a phase difference map [23,26]. The longer the
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time difference between B-scans, the more likely it is that the relative motion between the
probe and tissue will cause the phase difference between consecutive B-scans to become
either decorrelated (too much displacement between two consecutive B-scans) or to fall
below the noise floor of the system (the relative motion is in the opposite direction to the PZT
actuation, with similar amplitude).

In this paper, to minimize the impact of motion artifact in handheld QME, we demonstrate
a custom bidirectional scan pattern, capable of scanning a 6 x 6 x 1 mm volume of tissue in
3.4 seconds. Recently, a bidirectional triangular scan pattern using galvanometer-based
scanners has been developed in OCT angiography [27]. In our method, we use the MEMS
mirror with a similar bidirectional scan pattern which comprises two regions: a linear scan
region where B-scans are acquired, and a sinusoidal turn-around region where the scanning
direction of the beam is reversed whilst avoiding the resonant behavior of the MEMS miirror.
A B-scan rate of 215 Hz can be achieved with this custom scan pattern, 9 times faster than a
standard scan pattern similar to that provided by the probe manufacturer. The feasibility of
the handheld QME probe is tested on a tissue-mimicking silicone phantom, demonstrating
comparable imaging performance to bench-mounted QME. The utility of the handheld probe
is further demonstrated on human breast tissue freshly dissected from three mastectomy
specimens. Micro-elastograms acquired with the handheld QME probe demonstrate high
mechanical contrast between cancerous tissue and surrounding benign tissue, additional to the
optical contrast provided by OCT images. In each case, micro-elastograms and OCT images
are co-registered with and validated by corresponding gold-standard histology. Our results
demonstrate the potential of handheld QME to eventually provide intraoperative
discrimination between cancerous and benign tissue during breast-conserving surgery.

2. Method
2.1 Quantitative micro-elastography

QME has been described in detail previously [23]. In this section, we provide a brief
summary. In QME, a silicone layer, ~500 pm thick, is placed on the sample [12,23]. In this
study, the layer comprises two sub-layers, both ~250 pum thick, with the top layer being
transparent, and the bottom layer containing scattering particles. A compressive load is then
applied using an imaging window, pre-loading the layer and sample to a bulk strain of ~20-
30%. In most demonstrations of QME, a common-path interferometer is used in the
underlying OCT system, with the interface between the imaging window and the silicone
layer acting as the reference reflector [28]. The window is attached to an annular PZT
actuator with wax, providing an additional micro-scale compression to the sample, referred to
here as the perturbation strain. The stroke of the PZT is typically 2-10 pm, applied to the
sample as a square wave synchronized to OCT B-scans such that consecutive B-scans are
acquired under different perturbation loading conditions. Phase-sensitive detection is used to
generate a map of axial displacement between B-scan pairs acquired at each y-location [28].
The axial perturbation strain can be estimated as the gradient of the axial displacement map
with depth, over a sliding window of typically 15-100 pm using least-square linear regression
[26,29]. The bulk strain at every (x, y) location in the silicone layer is estimated by measuring
the thickness of the top section of the layer in the OCT image. The corresponding
perturbation strain at every (x, y) location in the layer is measured from a window in z within
the second, scattering section of the layer. Using the pre-characterized stress-strain curve of
the layer, the surface perturbation stress can be determined from the perturbation strain in the
layer at the known bulk strain [23]. By combining the perturbation strain in the sample with
the perturbation stress at the sample surface, and assuming uniaxial stress throughout the
sample, a 3-D micro-elastogram is generated in the form of the tangent modulus of the sample
at every (x, y, z) location in the scan [23].
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2.2 Experimental setup

The handheld QME probe comprises two main parts: the OCT probe and the mechanical
loading apparatus. The OCT probe (Thorlabs, OCTH-1300) uses a commercially available
OCT system (Thorlabs, Telesto III) with a central wavelength of 1300 nm and a bandwidth of
~200 nm, corresponding to a measured axial resolution of 5.5 um in air, and an objective lens
(Thorlabs, OCTH LK-30) that provides a measured lateral resolution of 14.4 pm,
corresponding to the full-width-at-half-maximum (FWHM) of the beam intensity at focus.
The maximum A-scan rate is 146 kHz, corresponding to a minimum A-line period of 6.8 ps.
In this paper, the A-line period for all the OCT data acquired was 7 us. A MEMS scanning
mirror is incorporated in the handheld probe to scan the beam across the surface of the
sample. The MEMS mirror has a first harmonic at 625 Hz, with an electronic low-pass-filter
(cut-off frequency 385 Hz), installed by the probe manufacturer to avoid resonant excitation
of mechanical modes, which could damage the mirror. In addition, the probe incorporates a
polychromatic CMOS camera capable of acquiring photographs of the tissue surface during
the scan.

The mechanical loading apparatus comprises the annular PZT actuator (Piezomechanik,
inner/outer diameters 14 mm/20 mm, length 14 mm) and the attached imaging window,
enabling compression and imaging from the same side of the sample. The PZT actuator was
fixed in a stainless steel case, which in turn was threaded onto the OCT probe, to provide a
maximum stroke of 9.5 pm. The imaging window (Edmund Optics, Fused Silica Window
#45-464) was customized with a multi-layer Ti,05/SiO, coating deposited on the distal
surface from the actuator, using a Satis 725 electron beam evaporation system with ion gun
assistance, providing ~30% intensity reflection at 1300 nm wavelength. The interferometer is
implemented in a common-path configuration, where the light reflected directly from the
coated surface of the imaging window acts as the reference reflection. The coating was
selected to ensure an optimal reference power to maximize OCT sensitivity, which was
measured to be 95 dB for this common-path configuration. In the handheld QME scans, the
probe was held freely by the user, with the elbow resting on the bench. A schematic of the
experimental setup is shown in Fig. 1(a) and a photograph of the handheld QME probe in Fig.
1(b).

In our previous demonstrations of QME, e.g. in [12,23], a homogeneous transparent
silicone layer was used as the stress sensor. Due to the unevenness of the tissue surface, this
homogeneous layer can suffer from poor contact to the tissue, which degrades the accuracy of
the edge detection used to estimate layer thickness. In addition, large perturbation strain in the
layer can induce phase wrapping at the layer surface, which is not detectable using the
transparent layer. As such, we developed a compliant silicone bi-layer, which comprises two
sub-layers fused together, each manufactured using a compound silicone material (Wacker
P7676 A and B at 1:1 mixing ratio) with a thickness of ~250 um, as illustrated in the
schematic in Fig. 1(c). TiO, scattering particles (Sigma Aldrich, product 232033, average
particle size of ~1 pm) were added to the bottom section, in a concentration of 0.3 mg/ml, to
increase the OCT SNR in this layer [30]. By comparison, no scattering particles were
embedded in the top section. Using this bi-layer as the stress sensor, the boundary between
the top and bottom sections is readily identified in the OCT image, and the two sub-layers are,
by definition, fully contacted to each other. As the scatterers embedded in the bottom layer
provide high OCT SNR, the perturbation strain in the bi-layer, required to determine the
surface perturbation stress, can be accurately measured in this sub-layer, by calculating the
perturbation strain within a 125 pm window (Fig. 1(c)).
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Fig. 1. Handheld QME probe. (a) Schematic of the experimental setup. SLD, superluminescent
diode. FC, fiber coupler. PC, polarization coupler. BD, beam damper. MEMS,
microelectromechanical system. BS, beam splitter. OL, objective lens. PA, PZT actuator. IW,
imaging window. SB, silicone bi-layer. (b) Photograph of a handheld scan on excised breast
tissue. (c) Schematic of the bi-layer used to map the surface stress on the sample.

2.3 Scan patterns

In this section, we describe and compare the two scan patterns used to drive the MEMS
mirror in the handheld probe: the standard unidirectional scan pattern and the custom
bidirectional scan pattern.

2.3.1 Standard scan pattern

The standard scan pattern is similar to that provided by the OCT probe manufacturer. This
pattern, in the x-direction, is illustrated in Fig. 2(a). OCT B-scans are acquired once in each
cycle, marked with the green straight lines in Fig. 2(a). After each B-scan, the MEMS is
driven back to the starting point, marked with the red curves in Fig. 2(a). This period is
known as the fly-back region. The manufacturer’s default minimum B-scan acquisition time
is 16 ms, corresponding to 2,286 A-scans in each B-scan, and the fly-back time is 26 ms,
resulting in a B-scan rate of 23.8 Hz and a time difference of 42 ms between two consecutive
B-scans. The total B-scan range is 6 mm. This scan pattern is incorporated in QME in a
similar manner to previous demonstrations [12,23]. Two B-scans are acquired for each y-
location, as marked in green in Fig. 2(b), to create a 2-D phase difference map from which a
2-D elasticity map can be derived. Each step in the y-direction is 16.5 pm and 364 y-locations
are scanned in a 6-mm range. The PZT actuation is synchronized to the B-scans, as
demonstrated in Fig. 2(c). At each y-location, the first B-scan is acquired when the PZT is
unloaded and the second B-scan is acquired when the PZT is loaded, as marked in green in
Fig. 2(c). The PZT actuation causes the sample to deform in the z-direction and eventually 3-
D micro-elastograms can be generated, as described in Section 2.1. The total scan time is 30.6
seconds for a sample volume of 6 x 6 x 1 mm.
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2.3.2 Custom scan pattern

To reduce imaging artifacts caused by hand motion, we developed a custom scan pattern that
allows us to reach a B-scan rate of 215 Hz. We achieved this by implementing bidirectional
scanning, as illustrated in Fig. 2(d), acquiring B-scans in both the positive (shown in green)
and negative (shown in blue) x-directions. To avoid exciting complex frequency components
of the MEMS mirror, between B-scans the scanning direction is reversed using a sinusoidal
component at 238 Hz, taking ~2.1 ms, indicated in red in Fig. 2(d). In total, there are 364 A-
scans in a B-scan, taking ~2.5 ms, with a scan range of 6 mm, resulting in a spatial sampling
of 16.5 um in the x-direction. In postprocessing, B-scans acquired from the negative x-
direction are flipped in the x-axis to match with the orientation of the B-scans acquired from
the positive x-direction. Due to the slightly non-uniform gain of the low-pass-filter in the
MEMS module at 238 Hz and the fact that the mirror moves in opposite direction when the
line camera in the spectrometer triggers, small asymmetry causes each A-scan location to be
slightly shifted between positive and negative B-scans, resulting in phase decorrelation at
almost every pixel location. Thus, the phase difference between positive and negative B-scans
is not usable for measuring elasticity. Instead, two consecutive B-scans, i.e., in opposite x-
directions, are acquired at neighboring y-locations and alternating B-scans, i.e., in the same x-
direction, are used to calculate the phase difference for each y-location, as marked by the
green and blue lines in Fig. 2(e). Data is acquired at 364 locations in the y-direction, for a
spatial sampling of 16.5 pm. The time difference between two B-scans used for phase
difference calculation is 9.3 ms, more than a 4-fold improvement compared to the standard
scan pattern. The PZT actuation is synchronized with B-scans such that two 2-D phase
difference maps are generated within one cycle of the PZT, as indicated by the green and blue
lines in Fig. 2(f). The total acquisition time in this scan pattern is 3.4 seconds to scan a sample
volume of 6 X 6 x 1 mm, 9 times faster than that in the standard scan pattern.
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Fig. 2. Standard unidirectional and custom bidirectional scan patterns. (a), (b) and (c) represent
the x-position, y-position and PZT stroke in the standard scan pattern. The green lines and red
curves indicate the B-scans and the fly-back regions, respectively. (d), (e) and (f) represent the
x-position, y-position and PZT stroke in the custom scan pattern. The green and blue lines
indicate B-scans in the positive and negative x-directions, respectively. The red curves in (d)
indicate the sinusoidal turn-around regions between B-scans.
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2.4 Elasticity sensitivity

To quantify the performance of the two QME scan patterns, in this section, we introduce a
method to measure elasticity sensitivity, which is defined as the smallest variation that can be
measured in quantitative micro-elastograms. We use this to compare results acquired in three
imaging configurations:

1. When the probe is mounted in a bench-top setup and scans are acquired with the
custom scan pattern;

2. When the probe is used free-hand and scans are acquired with the standard scan
pattern;

3. When the probe is used free-hand and scans are acquired with the custom scan pattern.

To measure elasticity sensitivity, we fabricated a 10-mm thick homogeneous silicone
phantom (Wacker P7676 A and B at 1:1 mixing ratio) mixed with the TiO, scattering
particles in a concentration of 1 mg/ml. A silicone bi-layer, described in Section 2.2, was
placed on top of the phantom. The layer and sample were pre-loaded by ~20-30% prior to the
scan. For each of the three configurations, 500 B-scan pairs were acquired at the same y-
location, synchronized with a PZT stroke of ~8 pm. In each of the 500 2-D quantitative
micro-elastograms generated, the same rectangular region, ~800 pum in x by ~50 pm in z,
centered in x, and ~100 pum from the phantom surface, was selected. For all configurations,
the average OCT SNR in this region is ~20 dB. The elasticity sensitivity of each
configuration is given as the standard deviation of the mean elasticity in the rectangular
region, calculated across the 500 QME B-scans. Plots of the mean elasticity are presented in
Fig. 3. Figure 3(a) shows the plot of the mean elasticity across the B-scans for case of the
mounted setup with the custom scan pattern. The elasticity sensitivity is calculated to be 2.2
kPa, setting a benchmark of QME performance for this imaging system. The error in the
mounted elasticity measurement is attributed to the optical noise in the OCT measurement,
the strain estimation noise and mechanical noise from the environment. Figure 3(b) shows the
mean elasticity plot for the handheld setup with the standard scan pattern. The elasticity
sensitivity is calculated to be 6.4 kPa, ~3 times larger than that of the mounted scan. The
deteriorated sensitivity can be attributed to large variation in the pre-load strain caused by
large-scale hand motion during the scan, as the longer acquisition time increases the potential
for more hand motion as compared to the custom scan pattern. This hand motion also causes
substantial phase decorrelation, further worsening the elasticity sensitivity. Figure 3(c) shows
the mean elasticity plot for the handheld setup with the custom scan pattern. The elasticity
sensitivity of this handheld scan is calculated to be 2.6 kPa, only ~20% larger than that of the
mounted scan. The much improved sensitivity compared to the standard scan pattern is
attributed to fast acquisition speed, leading to smaller variation of the pre-load strain during
the scan and less phase decorrelation occurring between B-scans.
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Fig. 3. Elasticity measurements performed on a homogeneous silicone phantom, using (a) the
mounted setup with the custom scan pattern, (b) the handheld setup with the standard scan
pattern and (c) the handheld setup with the custom scan pattern. The measured elasticity
sensitivities are displayed in the insets of (a), (b) and (c).

2.5 Tissue-mimicking phantoms and breast tissue specimens

We demonstrated the handheld QME probe on a tissue-mimicking silicone phantom and
freshly dissected breast tissue from mastectomy specimens. The silicone phantom comprises
two parts: a soft bulk material (Wacker P7676 A and B at 1:1 mixing ratio) and a stiff
inclusion (Wacker RT601 A and B and silicone oil AK 50 at 10:1:10 mixing ratio). The
tangent moduli of the bulk material and the inclusion were measured to be 30.7 + 1.9 kPa and
225.6 = 11.2 kPa, respectively, at 20% absolute strain, using a custom uniaxial compression
device. To increase the OCT intensity achieved using the phantom, TiO, scattering particles
were added to both the bulk material (1 mg/ml) and the inclusion (3 mg/ml). In addition, three
breast mastectomy specimens were scanned using this probe. A tissue sample with a size of
~24 x 36 x 5 mm was dissected from each mastectomy specimen and was scanned within one
hour of excision. Four locations were scanned with the handheld QME probe on each tissue
sample. The silicone bi-layer was disposed of after imaging each sample. Following the
scans, each tissue sample was cut in half and placed in two cassettes to enable preparation for
histology. The histology was acquired ~1 week after the scan. Specimens were obtained from
patients undergoing surgery at Fiona Stanley Hospital, Western Australia (Project No: FSH-
2015-032). Informed consent was obtained from patients, and the ethics for this research
project was approved by the Sir Charles Gairdner and Osborne Park Health Care Group
Human Research Ethics Committee, Western Australia (HREC No: 2007-152).

2.6 Signal processing

To further reduce noise, during signal processing, both the complex weighted phase
difference and perturbation strain maps were smoothed using a 2-D (xz-plane) Gaussian filter
with FWHM of 30 pm. The 3-D micro-elastograms were further smoothed by a 2-D square
(xy-plane) median filter covering 45 um in both x- and y-directions. The data was processed
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in Matlab R2016a. The total processing time from raw OCT data to 3-D micro-elastograms
for a sample volume of 6 X 6 x 1 mm is ~20 minutes, using a system with two Intel Xeon E5-
2690 8-core CPUs, 192 GB of RAM, and a 1 TB solid-state drive.

3. Results
3.1 Handheld QME on the inclusion phantom

Figure 4 demonstrates handheld QME on the inclusion phantom and compares en face OCT
images and micro-elastograms acquired with different scan patterns. In the experiment, the bi-
layer and inclusion phantom were pre-loaded by ~15-20%, similar to that in the uniaxial
compression test. Figures 4(a) and 4(b) present an en face OCT image and micro-elastogram,
respectively, acquired with the custom scan pattern and the handheld probe mounted to the
benchtop, setting a benchmark for image quality. Figures 4(c) and 4(d) present a handheld en
face OCT image and micro-elastogram, respectively, acquired with the standard scan pattern.
Figures. 4(e) and 4(f) present a handheld en face OCT image and micro-elastogram,
respectively, acquired with the custom scan pattern. Each of these en face images displays
results at a depth of 500 um from the phantom surface, where the inclusion is located. In all
the OCT images (Figs. 4(a), 4(c) and 4(e)), the square inclusion can be clearly distinguished
from the bulk material, indicating negligible motion artifact in OCT images in lateral
directions during acquisition. In contrast, in the micro-elastograms (Figs. 4(b), 4(d) and 4(¥)),
the image quality is degraded using the standard scan pattern (Fig. 4(d)), whilst Figs. 4(b) and
4(f) display clear, undistorted boundaries between the stiff inclusion and the surrounding bulk
material. To calculate the mean elasticity values and standard deviations, an area of 800 x 800
pm was selected for the bulk material and the inclusion, respectively, as indicated by the
dashed frames in red and blue in Fig. 4(b), 4(d) and 4(f). The measurements are listed in Tab.
1, as well as the measured values from the uniaxial compression test. The standard deviations
in the mounted and custom scan pattern are much smaller than that in the standard scan
pattern. This comparison demonstrates that the handheld images acquired with the custom
scan pattern provide comparable image quality in both OCT images and micro-elastograms to
the mounted scans, with minimal motion artifact observed. Note that the mean elasticity
values of the bulk material measured from the mounted setup and the custom scan pattern are
smaller than that from the uniaxial compression test, most likely due to the large surface
friction between the imaging window and the silicone layer, which leads to underestimated
elasticity values of the sample [24]. This discrepancy can be calibrated by a finite-element
approach, as described in our previous work [31].
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Fig. 4. En face OCT images and micro-elastograms acquired using, (a), (b) the mounted setup
with the custom scan pattern, (c), (d) the handheld setup with the standard scan pattern, and
(e), (f) the handheld setup with the custom scan pattern. The areas in red and blue dashed
frames in (b), (d) and (f) are the selected to calculate the mean elasticity values and the
standard deviations for the bulk material and the inclusion, respectively. Scale bars = 1 mm.

Table 1. Measurement of the mean elasticity values and standard deviations

Mounted setup Standard scan pattern | Custom scan Compression test
(kPa) (kPa) pattern (kPa) (kPa)
Bulk material 17.8+2.4 40.5 +£20.5 18.7+£3.6 30.7+£1.9
Inclusion 233.9+71.9 180.4 £ 119.6 223.3+£89.0 225.6+11.2

3.2 Handheld QME on breast tissue specimens

To demonstrate the handheld QME probe on human breast tissue, we scanned tissue samples
freshly dissected from three mastectomy specimens. In Fig. 5, the procedure used to co-
register en face OCT images and micro-clastograms with post-operative histology is
described. Figure 5(a) is the photograph of the scanned tissue area acquired using the CMOS
camera embedded in the handheld probe directly after QME acquisition. The field of view
(FOV) of the photograph is limited by the inner diameter of the annular PZT actuator, which
is 14 mm and marked by the green circle in Fig. 5(a). The photograph does not fill the green
circle as the CMOS sensor used in this camera has an aspect ratio of 4:3. The red square
frame in the photograph marks the QME lateral scan range (6 x 6 mm). Figure 5(b) is a wide-
field, mosaicked photograph acquired using a bench-top setup described in our previous work
[12]. The FOV of this wide-field photograph is 46 x 46 mm. Corresponding features can be
found in the handheld and wide-field photographs, e.g., two dark vertical fringes can be
identified in the blue square frames in Figs. 5(a) and 5(b). By co-registering the locations of
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the features between Figs. 5(a) and 5(b), the QME scan location can be identified on the
large-scale photograph of the tissue sample, as highlighted by the red square frame in Fig.
5(b). The green circle in Fig. 5(b) corresponds to the FOV of the handheld photograph.
Following QME acquisition, histology slides of the sample were prepared in the same plane
as the en face OCT and QME images. Figure 5(c) displays the histology image at a depth of
~100 um from the tissue surface. The wide-field photograph was compared with the histology
image to co-register the QME scan area, as indicated by the red square frame in Fig. 5(c). The
green circle in Fig. 5(c) corresponds to the camera FOV of the handheld probe. Figures 5(d)
and 5(e) are the zoomed-in image of the area framed by the red square in Figs. 5(a) and 5(c),
respectively. Invasive ductal carcinoma (IDC) and clear boundaries between tumor and
benign tissue can be observed in Fig. 5(e), whilst the photograph (Fig. 5(d)) displays neither
clear features of tumor nor the tumor-stroma boundaries. Figures 5(f) and 5(g) present the en
face OCT image and micro-elastogram, respectively, of the scanned area, at a depth of 120
um from the tissue surface. Figure 5(f) displays low contrast between tumor and stroma. On
the contrary, the micro-elastogram, Fig. 5(g), displays high mechanical contrast between the
stiff and soft area, corresponding to the tumor and stroma, respectively. The horizontal stripes
at the left side of Figs. 5(f) and 5(g), as indicated by a white arrow in each figure, were caused
by poor surface contact between the tissue sample and the silicone bi-layer. This artifact can
be reduced by increasing the pre-load to allow the tissue to fully contact with the silicone bi-
layer.

1000

Elasticity (kPa)

e S e

Fig. 5. Co-registration of handheld scans and post-operative histology of a specimen
containing IDC. (a) Photograph acquired using the handheld probe. (b) Photograph acquired
using a wide-field bench-top setup. (c) Histology of the tissue sample. The green circles and
red frames in (a), (b) and (c) indicate the CMOS camera FOV and the handheld QME scan
area, respectively. The blue square frames in (a) and (b) indicate the same feature in both
photographs. (d), (e) Zoomed-in photograph and histology image of the scan area. (f), (g) En
face OCT image and micro-elastogram of the scanned tissue. An artifact caused by poor
surface contact is marked by a white arrow in (f) and (g). IDC, invasive ductal carcinoma. S,
stroma. Scale bars = 1 mm.
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We utilized the handheld probe to scan the other two mastectomy specimens and applied
the same co-registration method to match the en face OCT images and micro-clastograms
with the histology images. Figure 6 presents results acquired from a specimen containing both
invasive mucinous carcinoma (IMC), a relatively rare breast cancer type, accounting for 1-7%
of all invasive breast carcinomas [32], and also, ductal carcinoma in situ (DCIS). Figures 6(a)
and 6(b) are, respectively, photographs of the tissue surface acquired with the probe and the
corresponding histology image of the scanned area, ~100 pm from the tissue surface. Figures
6(c) and 6(d) present the corresponding en face OCT image and micro-elastogram, at a depth
of 120 um from the tissue surface. The histology image (Fig. 6(b)) reveals that the top right
corner corresponds to a region of IMC. Adjacent to this, in the top left corner, there is a
region of DCIS. Surrounding these regions, there are areas of non-cancerous stroma. In the
micro-elastogram (Fig. 6(d)), the region of IMC corresponds to a region of elevated elasticity.
By comparison, although there is contrast in the OCT image (Fig. 6(c)), it is difficult to
identify this region. Conversely, the region of DCIS is not easily distinguished in the micro-
elastogram and is more readily identified in the OCT image, demonstrating the
complementarity of OCT and QME.

1000
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Fig. 6. Handheld breast tissue results of a specimen containing IMC. (a) Photograph of the
scanned area. (b) Co-registered histology. En face (c) OCT image and (d) micro-elastogram at
a depth of 120 pm. IMC, invasive mucinous carcinoma. DCIS, ductal carcinoma in situ. Scale
bars = 1 mm.

Figure 7 presents results from a mastectomy specimen containing invasive metaplastic
spindle cell carcinoma (IMSCC), which is a very rare breast cancer type, accounting for 0.1-
1% of all breast carcinomas [33,34]. Figures 7(a) and 7(b) present photographs of the scanned
area acquired with the probe and the corresponding histology image at a depth of ~100 um
from the tissue surface, respectively. Boundaries between tumor and adipose tissue can be
clearly identified in the histology image. The left hand side of the histology image reveals a
dense region of IMSCC, whilst the right hand side of the image is adipose tissue. Figures 7(c)
and 7(d) are the en face OCT image and micro-elastogram of this specimen, at a depth of 120
pm from the tissue surface. In the OCT image (Fig. 7(c)), the region of IMSCC presents as a
relatively homogeneous region, similar to how benign stroma often presents in OCT images
[10-12]. The adipose tissue is easily distinguished in the OCT image owing to its
characteristic honeycomb structure [10—12]. In the micro-elastogram, the region of IMSCC
presents as a region of elevated elasticity, making it clearly distinguishable from the adjacent
soft adipose tissue.
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Fig. 7. Handheld breast tissue results of a specimen containing IMSCC. (a) Photograph of the
scanned area. (b) Co-registered histology. En face (c) OCT and (d) micro-elastogram at a depth
of 120 um from the tissue surface. IMSCC, invasive metaplastic spindle cell carcinoma. A,
adipose. Scale bars = 1 mm.

4. Discussion

In QME, we typically acquire a 3-D scan during each acquisition [12,23]. This approach
enables micro-elastograms to be presented in the en face plane, as has been demonstrated in
this paper. Two key benefits are that micro-elastograms are displayed in the plane with the
highest spatial resolution, and a larger tissue area can be presented than in the cross-sectional
plane, an advantage for applications where rapid analysis of large regions of tissue is
required. A main challenge to this approach, with regards to handheld scanning, is that
motion artifact can corrupt both the OCT image and the micro-elastogram, as has been
described in detail in this paper. This challenge is further exacerbated by the use of MEMS
scanners to achieve compact handheld imaging probes. A main contribution of this paper is to
overcome these challenges to enable the first handheld demonstration of QME without the
requirement of supporting apparatus. Furthermore, we demonstrated that the handheld OCT
and QME image quality was comparable to that obtained when the probe was mounted in a
bench-top setup. To achieve this, we developed a custom bidirectional scan pattern,
synchronized with deformation imparted to the tissue via a custom PZT actuator, to acquire
B-scans in both positive and negative x-directions. This custom scan pattern allowed us to
acquire a 6 x 6 X 1 mm volume of tissue in 3.4 seconds.

In Sections 2.4 and 3.1, the performance of the two different scan patterns were compared.
We verified that the elasticity sensitivity was much better using the custom scan pattern than
using the standard scan pattern. This can be attributed to the longer time difference between
the acquisition of the two B-scans used to generate the phase difference map, since phase
decorrelation is more likely, due to larger hand motion in either the lateral or axial plane.
When decorrelated, the measured phase difference is random thus the average gradient of the
displacement along z-axis is close to 0 which is much smaller than it should be, resulting in a
very small strain value in the strain estimation which in turn generates a very large elasticity
value, e.g., the spikes in Fig. 3(b). Although the custom scan pattern reduced the time
difference between B-scans significantly, it is still possible for motion artifact to cause phase
decorrelation, particularly in in vivo handheld scans, where the relative motion between the
tissue and the probe may be increased by involuntary patient movement. As we move towards
in vivo scanning, it may be necessary to further increase the acquisition speed to completely
avoid such phase decorrelation.
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To achieve such higher scanning speed, a Fourier domain mode-locked laser could be
used to reach higher A-scan rates, e.g. 1.5 MHz has been demonstrated in shear-wave OCE
[35]. In addition, the time difference between consecutive B-scans could be reduced by
selecting a smaller MEMS mirror in the scanner, e.g., a 2-mm diameter mirror could be used,
which may have a first harmonic at >1 kHz. However, a disadvantage with a smaller mirror is
a smaller collimated beam size which degrades the lateral resolution. The low-pass-filter
incorporated in our probe to protect the MEMS mirror from resonant excitation of the
mechanical modes could also be removed. This would allow us to drive the MEMS mirror at
its resonant frequency, with a custom scan pattern only containing frequency components
equal or below the resonant frequency. Using this approach, extra care is required to ensure
the MEMS device is not damaged.

The measured elasticity values in QME are dependent on the pre-load strain. For example,
in Figs. 3(a) and 3(c), the mean elasticity measured with each configuration is slightly
different due to different pre-load strain applied during the scans. In future work, the amount
of pre-load can be normalized by monitoring the layer thickness in OCT B-scans and
manually adjusting the pre-load accordingly to a certain level, to enable constant and
repeatable elasticity measurements. In addition, there is ~10% error in the pre-load strain
estimation, due to unevenness of the layer thickness, and only a single value is used as the
initial layer thickness, resulting in variations of the elasticity measurement. To improve the
accuracy of QME, in future work, a 2-D layer thickness map can be generated by acquiring a
3-D OCT scan of the layer prior to the QME scan. This 2-D thickness map can be used to
calculate the pre-load strain for each A-scan location, to avoid error in pre-load strain
estimation. In in vivo scenarios, large periodic movement from the patient, e.g. respiration,
will likely cause a fluctuation in the pre-load strain, resulting in degraded sensitivity and
accuracy of the elasticity measurement. However, if the patient motion occurs in a relatively
linear region of the stress-strain curve, typically 0-5% strain for human tissue, the impact on
measured elasticity value is small. Ultimately, this issue can be mitigated by increasing the
acquisition speed to allow scanning the tissue volume within a fraction of the periodic
movement, where the patient can be considered in a quasi-static state.

In this paper, we have demonstrated for the first time the use of handheld QME on
mastectomy specimens containing both invasive and in sifu regions of tumor. Of these, one
contained the more common invasive ductal carcinoma and another contained regions of
ductal carcinoma in situ, while the others contained rarer tumor types including invasive
mucinous carcinoma and invasive metaplastic spindle cell carcinoma. The quality of the
specimen images derived from the handheld scans allowed us to correlate micro-architecture
of high elastic tissue with histology. We used mastectomy specimens in this study, as opposed
to lumpectomy specimens derived from breast conserving surgery, because en face images
from mastectomy specimens are easier to co-register with histology. However, as the ultimate
goal of our handheld QME work is to provide surgeons with an imaging tool to use during
breast conserving surgery, our future work will aim to demonstrate that the probe can identify
tumor on the margins of excised specimens and in the breast cavity during surgery.

An off-the-shelf probe was used in this proof-of-concept study to demonstrate handheld
QME on human breast tissue. For this initial demonstration, an annular PZT actuator in a
stainless steel case with 30 mm outer diameter was customized to fit with the probe. For
application in surgical procedures, such as breast-conserving surgery, a smaller diameter
probe can be manufactured to fit within a surgical cavity for in vivo scans. Furthermore, by
customizing the probe to different required form factors, handheld QME holds promise for
use in a range of surgical applications, such as brain cancer and prostate cancer surgeries, as
well as in areas such as cardiology and dermatology.
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5. Conclusion

This paper introduced a proof-of-concept handheld QME probe incorporating a custom
bidirectional scan pattern that can scan a 6 x 6 x 1 mm volume of tissue in 3.4 seconds, with a
B-scan rate of 215 Hz. It has been demonstrated that this probe is capable of producing
comparable image quality in a handheld format, to that when the probe is fixed to the
benchtop. Freshly dissected human breast tissue from three mastectomy specimens were
scanned using this probe, verifying that the probe can provide high mechanical contrast
between stiff cancerous tissue and soft benign tissue, complementary to that provided by
OCT. By further increasing the scanning speed and modifying the probe form factor,
handheld QME holds promise for use in a wide range of clinical scenarios.
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