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1| INTRODUCTION

Optical coherence elastography (OCE) [1, 2] is an emerging
imaging modality that combines optical coherence tomography
(OCT) [3, 4] and a loading mechanism to measure tissue
mechanical properties on the micro-scale. A range of OCE
techniques have been developed that can be classified based on
th” loading mechanism used, e.g., compression, transient and
" urmonic loading [5]. In compression OCE, a quasi-static
mechanical loading is introduced to the tissue, typically using
a piezoelectric actuator, and three-dimensional (3-D) axial
strain maps of the tissue are measured [6-8]. An advantage of
o qnpression OCE, relative to other approaches, is that it can
acquire large field-of-view images at relatively high speed [8],

only two OCT measurements at each tissue location are
required to generate mechanical contrast. This facilitates the

plication of OCE to surgical scenarios, such as
breast-conserving surgery (BCS) [7, 8].

Quantitative micro-elastography (QME) is a variant of
-.mpression OCE that incorporates a compliant silicone layer
to measure the stress applied across the tissue surface [9, 10].
- _ assuming a uniaxial stress distribution throughout the tissue
and combining the stress measurements at the tissue surface
with the strain measurements in the tissue, 3-D maps of the
tissue’s Young’s modulus can be estimated on the
micro-scale [9]. QME has recently been demonstrated in a
number of applications [11-13]. Our group has primarily
tocused on developing QME for tumor margin assessment in
™ _S[14, 15]. Based on the premise that tumors are often stiffer
than surrounding benign tissues in breast [16-18], providing
su ‘geons with an intraoperative map of elasticity could help to

.duce high re-excision rates (currently 20-30% [19, 20]). To
date, QME has been primarily implemented in bulky benchtop
_oaps [14, 15], limiting its compatibility with clinical
deployment. To overcome this limitation, we have recently
aceloped a prototype handheld QME probe which holds
nromise for intraoperative use [21]. In that work, the probe was
customized with an annular piezoelectric actuator, providing
step-wise mechanical loading to the tissue, demonstrating
« pid volumetric QME acquisition and high image contrast
between stiff tumor and soft benign tissue regions.

Whilst the piezoelectric actuator provides stable, periodic,

.cchanical loading, which is important for quasi-static
elasticity measurements, there are some drawbacks. Firstly, the
pi zoelectric actuator complicates the optical and mechanical
wesign of the probe, increasing the complexity and cost of the
OME imaging system. For instance, in the handheld QME
owobe used in [21], to allow the beam to propagate through the
annular piezoelectric actuator, the inner and outer diameter of
the actuator were customized to be 14 mm and 30 mm,
respectively, resulting in a bulky front section of the probe,
which may not be compatible with some clinical applications
where a compact probe is required. Also, as piezoelectric
actuators use delicate materials and additional apparatus, such
as a high voltage amplifier, fabricating the actuator and
incorporating it in the OCT imaging system can be expensive.
Secondly, piezoelectric actuators induce relatively small local
strains to the sample. For instance, imparting
1 milli-strain (me) to a 5 cm thick sample, corresponding to

50 um stroke from the actuator, requires a 70 mm stack of the
piezoelectric material used in [21]. This further complicates
the design of the probe and may preclude QME in applications
where scans of thick tissue are required. Thirdly, the
piezoelectric actuator must be aligned with the optical axis of
the scanning beam, to provide mechanical loading
perpendicular to the tissue surface. This constrains the front
section of the probe to be straight, not suitable to clinical
scenarios where complex access to the tissue is required, e.g.,
in endoscopic applications. In addition, the high driving
voltage of the piezoelectric actuator, typically around 150 V,
requires extra safety precautions [22] in the design of the probe,
introducing more challenges in translating QME to use in the
operating room.

To overcome the challenges associated with piezoelectric
actuators, several manual loading techniques have recently
been proposed [23-25]. The work in [23, 24] demonstrated that
2-D tissue strain and elasticity can be measured, without using
an actuator, by manually compressing the imaging probe
against the sample. However, this technique is time consuming
as several tens or hundreds of B-scans are required to calculate
the cumulative strain at the same location. Furthermore, it
provides 2-D strain and elasticity maps, limiting its application
in scenarios where rapid assessment of a large sample volume
is required. Also, instead of using natural motion of the
operator’s hand, this technique utilizes a semi-freechand setup
with a supporting apparatus, limiting its compatibility with
clinical scenarios where no supporting apparatus is available.
In previous work from our group [25], a finger-mounted
variant of QME was demonstrated that also utilized manual
compression. However, as no scanning mechanism was
incorporated in the imaging system, this method is limited to
1-D measurements. In addition, these previously reported
manually-operated  techniques  compress the tissue
continuously in one direction, inducing a large increase in axial
strain in the tissue. This can effectively reduce the elasticity
sensitivity, due to the nonlinear stress-strain relationship of the
tissue.

In this paper, we propose a novel freehand
compression-based technique that utilizes a bidirectional
manual mechanical loading via the natural motion of the user’s
hand to enable, for the first time, volumetric manual
compression-based QME scans of a 6 x 6 X 1 mm tissue
volume in 3.4 seconds. Without using the piezoelectric
actuator, the probe design is simplified. The bidirectional
loading is important for accurate volumetric measurements, as
it limits the range of axial strain imparted to the sample,
reducing the impact of nonlinear elasticity that would
otherwise cause low elasticity sensitivity. We demonstrate, on
a soft silicone phantom with an embedded stiff inclusion, that
this technique provides comparable image quality to a mounted
benchtop setup using a piezoelectric actuator. In addition, we
demonstrate its utility on human breast tissue freshly excised
from both mastectomy and BCS (also known as breast wide
local excision (WLE)). The OCT and QME results on breast
tissue are co-registered with post-operative histology,
verifying its capability to distinguish stiff tumor from soft
benign tissue.

This article is protected by copyright. All rights reserved.



2| METHODS
2.1 | Experimental setup

The OCT system is a combination of a commercially available
base unit (Thorlabs, Telesto III) and a handheld probe
‘Thorlabs, OCTH-1300). The light source is a
sup’ rluminescent diode (SLD) with a central wavelength of
.-u0nm and a bandwidth of >170 nm, corresponding to a
~a2sured axial resolution of 5.5 pm in air. The measured
lateral resolution is 14.4 um, determined by the probe
objective lens (Thorlabs, OCTH-LK30). A plastic ring-style
== _er (Thorlabs, OCTH-AIR30) is threaded to the probe and
an imaging window (Edmund Optics, VIS-NIR coated fused
;;;;; a window, #49-642) is attached to the end of the spacer
using wax, as displayed in Figure 1(a). We utilize a
~<.amon-path interferometer, where the reference and sample
arms share the same optical path and the surface of the imaging
window distal from the probe acts as the reference reflector
(20]. A microelectromechanical system (MEMS) scanning
mirror is used in the probe to scan the beam over a 6 X 6 mm
_a. The total C-scan acquisition time is 3.4 seconds for a
tissue volume of 6 x 6 x 1 mm. A complementary metal-oxide
semiconductor (CMOS) camera is incorporated in the probe to
acquire visible-light photographs simultaneously with the OCT
scans. The light beams reflected from the reference (the surface
~ Nie imaging window distal from the probe) and scattered
from the sample are sent back to the spectrometer in the OCT
o unit. A computer is used to process the spectra and
senerate complex OCT signals. A schematic of the setup is
sho' n in Figure 1(b).

To enable QME measurements, we add a silicone bi-layer
(see Figure 1(a) inset) between the imaging window and the
saiple to measure surface stress. As described in previous

vk [21], the bi-layer comprises two sections: a top,
tranyparent section (Wacker P7676 A and B at 1:1 mixing ratio,

Computer
Imaging
"Window VLB
SB
Breast tissue Sample

FIGURE 1 (a) Photograph of the probe scanning a breast tissue
specimen. Inset, photograph of the bi-layer. (b) Schematic of the
optical path and the experimental setup. The blue dashed frame
indicates the components inside the probe. BS, beam splitter. MEMS,
microelectromechanical system. OL, objective lens. IW, imaging
window. SB, silicone bi-layer.

~250 um thick, local Young’s modulus = 18.7 + 1.2 kPa at
20% axial strain) and a bottom, scattering section (Wacker
P7676 A and B at 1:1 mixing ratio, mixed with 0.3 mg/ml TiO»
scattering particles, ~250 pm thick, local Young’s modulus =
18.7 £ 1.2 kPa at 20% axial strain). The two sections are cured
together and the large variation in scattering light intensity
between the layers results in high OCT contrast that is used to
calculate the axial strain of the top section, which is equivalent
to the axial strain of the bottom section, as the two sections use
the same compound material. This method helps to reduce
image artefacts introduced by the edge detection failure due to
poor edge contrast at the layer-tissue interface reported in
previous work [14]. The scattering bottom section is used to
estimate the local strain of the layer between consecutive
B-scans, at the measured axial strain [21]. This local strain is
then used to calculate the local stress in the sample, knowing
the pre-characterized stress-strain curve of the layer material
and assuming uniaxial stress distribution throughout the
sample. The sample tangent modulus, which is the effective
value of Young’s modulus at the current state of sample
deformation, can be estimated by dividing the layer local stress
by the local strain of the sample. We assume that the sample
elasticity we measured is in, or near to, a linear region on the
stress-strain curve, where tangent modulus is approximately
equal to Young’s modulus.

2.2 | Bidirectional manual compression approach

In the absence of a piezoelectric actuator, we create phase
difference between corresponding B-scan pairs by manually
compressing and decompressing the handheld probe against
the layer and the sample. This bidirectional manual
compression approach is used to reduce variations in the axial
strain, which can lead to wvariations in the elasticity
measurement due to the nonlinear stress-strain relationship of
the sample. Figure 2(a) shows a schematic diagram of the axial
strain on a homogeneous sample using the bidirectional
manual compression approach. In this schematic, the sample is
first pre-loaded to a axial strain level of, typically, -0.15. In
practice, the user can monitor and estimate the axial strain level
via the live view of the OCT B-scans on the computer, where
the interface between the two sections of the bi-layer can be
clearly identified. When the OCT acquisition starts, the sample
is compressed continuously for ~1.7 seconds until another
axial strain level of, typically, -0.25, is reached at
approximately the halfway point of the C-scan acquisition. The
start time and the halfway point of the scan can be indicated,
and the scanning location can be monitored, from the trajectory
of the scanning beam in the live video acquired using the
CMOS camera. Then, the sample is decompressed for
~1.7 seconds during the remainder of the C-scan at
approximately the same speed in the opposite direction. In
practice, there will be a smooth transition stage between
compression and decompression due to viscoelastic response
of the sample, as will be illustrated in Section 2.3, instead of
the sharp corner displayed in Figure 2(a). In the experiment,
the user was trained for ~10 minutes to achieve approximately
the right amount of axial strains and to apply a fairly constant
rate of compression-decompression during the scan.
Figure 2(b) and 2(c) show zoomed-in diagrams illustrating
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axial strain in the compression and decompression stages,
respectively.

During compression and decompression, the sample is
scanned using the custom bidirectional scan pattern, recently
introduced by our group [21]. As illustrated in Figure 2(d) and
2(e), which are the x-position of the custom bidirectional scan
pattern during compression and decompression, respectively,
the scan pattern comprises two regions: a linear B-scan region
v .ich scans the sample in positive (green lines) and negative
(blue lines) x-directions, and a sinusoidal turn-around region

‘ween consecutive B-scans in opposite directions. The OCT
A-scan period used in the scan is 7 pus, corresponding to an
A scan rate of 143 kHz. In our scan pattern, there are
04 A-scans in each of the linear B-scan regions and
364 B-scan locations in a C-scan, resulting in lateral spatial
sampling of 16.5 um in both x- and y-directions. The frequency
of the sinusoidal wave in the turn-around region is 238 Hz,
corresponding to 300 A-scan periods in each turn-around
region. Combining the linear B-scan regions and the sinusoidal

n-around regions, the effective B-scan rate is 215 Hz.
Figure 2(f) and 2(g) show the relative y-position of the
<~ inning beam on the sample in the custom bidirectional scan
pattern during compression and decompression, respectively.
Marked by the same color in green or blue, each B-scan
Iucation (y-position) is scanned twice by the scanning beam in
the same X-direction to enable phase difference measurements,
and consecutive B-scan locations are scanned in opposite
~.ections. In post-processing, the orientation of every
alt>rnate B-scan is reversed to display all the B-scans in the
same direction.

In Figure 2(b) and 2(c), the y-axes are the axial strain
= ative to the “0” point in each figure, and the green and blue
straight lines indicate the linear B-scan regions in positive and
= 2ative B-scan directions, respectively. The difference in
axial strain between consecutive B-scans in the same scan
_~ection, here termed °‘local strain’, is estimated from the
phase difference between these B-scans. The local strain is
aeguave in the compression stage (Figure 2(b)), while it is
positive in the decompression stage (Figure 2(c)). In an ideal
sc nario, for a homogeneous sample, the local strain between
cach B-scan pair remains constant across the entire volumetric
scan, e.g. -0.5 me for each B-scan pair in Figure 2(b) and
2 ) me for each B-scan pair in Figure 2(c). However, small
variations in local strain occur in practice due to the
in onsistent speed of the user’s hand. In particular, excessive
" .al strain of the sample can cause phase decorrelation in the
axial direction, resulting in a bias of the local strain towards

'0; while insufficient local strain of the sample (below the
strain noise level) can also introduce a local strain estimation
around zero, calculated from the phase noise in the strain
measurement. The latter scenario happens more frequently at
the transition stage between compression and decompression
where the speed of the hand motion is relatively low.

2.3 | Elasticity sensitivity

To quantify the performance of our approach, we acquired
scans of a homogeneous silicone and calculated elasticity
sensitivity [21], which is defined as the standard deviation of
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FIGURE 2 Schematic diagrams of the bidirectional manual
compression loading mechanism. (a) Diagram of the overall
compression and decompression loading. (b) and (c) are the diagrams
of the zoomed-in axial strain in the compression and decompression
regions, respectively, with the y-axis being the axial strain relative to
the “0” point in each figure. In (b) and (c), the relative axial strains
between B-scans work as local strains (negative local strain during
compression and positive local strain during decompression). (d) and
(f) are the X and relative y scanning positions of the B-scans during
the compression loading in (b). (¢) and (g) are the X and relative y
scanning positions of the B-scans during the decompression loading
in (c). The green and blue lines in (b)-(g) indicate the regions of
B-scans in positive and negative scan directions, respectively.

the elasticity measurement. The homogeneous phantom was
fabricated with the same compound as the silicone layer,
providing the same mechanical properties. Three
configurations are compared here:

1. When the probe is mounted in a benchtop setup, with a
piezoelectric actuator fixed to the probe.

2. When the probe is freely held by the user, without the
piezoelectric actuator, using the bidirectional manual
compression approach described above.

3. When the probe is freely held by the user, without the
piezoelectric actuator, using a monotonic manual
compression approach where the phantom is
compressed continuously in one direction at
approximately the same speed as used in the
bidirectional approach.

In each configuration, 364 B-scan pairs (using the custom
bidirectional scan pattern illustrated in Figure 2(d) and 2(e)) at
the same y-position were acquired on the same phantom. In the
first configuration, the bi-layer and the phantom were first
pre-loaded to a axial strain of ~-0.2, and a small local strain
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(referred to as “perturbation strain” in [21]) was induced with
an actuator stroke of 6 um. The same rectangular area of
~800 pm in X by ~50 um in z, centered in X, was selected
~100 pm below the phantom surface for each B-scan pair. The
axial strain was calculated by measuring the average initial and
compressed layer thickness of the top section of the bi-layer
above the selected rectangular region in each B-scan pair,
shown as each data point in Figure 3(a). The average elasticity
val > was calculated for the same rectangular region on each
B-scan pair, plotted as each data point in Figure 3(b). The
icity sensitivity of the first configuration, og = 0.7 kPa, is
calculated as the standard deviation of the mean elasticity
mez ;urement, Figure 3(b), over the entire 364 B-scan pairs.
in the bidirectional manual compression configuration, the
same rectangular region was selected on each B-scan pair
acquired on the same phantom and bi-layer, and the axial strain
was measured from the average initial and compressed layer
tnickness of the top section of the bi-layer above this region, as
plotted in Figure 3(c). Note that as the beam was scanning at
ame Yy-position, the beam trajectory in live video was not

able to indicate the halfway point of the entire 364 B-scan pairs.

In<* ad, the user manually counted 1.7 seconds using a timer
~nile compressing, resulting in an error in estimating the
halfway point. In Figure 3(c), the axial strain mostly decreases
duriag compression (negative local strain) for the first 220
B-scan pairs and increases during decompression (positive
local strain) for the remaining B-scans, with the maximum and
....... mum axial strain of -0.17 and -0.26. In addition, the
decr:asing and increasing slopes of the axial strain are not
constant, as expected from the natural motion of the user’s
aand, resulting in variations in local strain between
ror ecutive B-scans. The average elasticity of the selected
region was measured for each B-scan pair, as shown in
T re 3(d). In this figure, the measured elasticity value varies
at a low-frequency, as the stress-strain curve of the sample is
__ linear across the axial strain range. The high-frequency
fluctuation in the elasticity measurement is likely due to
venieaualS 10 local strain, as the elasticity values are directly
celated and calculated from the local strain. The artificially
1ig! or low elasticity values, e.g., the peaks in red circles and
woughs in green circles, respectively, in Figure 3(d), are likely
caused by two scenarios: too much hand motion could
int- duce decorrelation in the phase difference measurement;
whilst too little hand motion could introduce a local strain
belcw the strain noise level. In both scenarios, the local strain

surement is purely based on the random strain noise, and
this measurement could be artificially high or low. Despite
= > artefacts in elasticity measurements, the elasticity
sensitivity of the bidirectional manual compression
configuration was measured to be 2.0 kPa, which is a relatively
smail value.

To demonstrate the relatively high elasticity sensitivity
using the bidirectional manual compression approach, for
comparison, Figure 3(e) and 3(f) show the axial strain and
elasticity values measured at the same Yy-position using the
monotonic manual compression approach. As plotted in
Figure 3(e), the axial strain increases continuously as the
phantom and bi-layer were compressed continuously in the
same direction over the entire 364 B-scan pairs. We note that
as it was difficult to control the hand motion to achieve exactly
the same compression rate as in Figure 3(c), at the beginning
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FIGURE 3 Axial strain and elasticity measurements on a
homogeneous silicone phantom. (a) and (b), axial strain and elasticity
measurement using the mounted setup with a piezoelectric actuator.
(c) and (d), axial strain and elasticity measurement using the
bidirectional manual compression approach. Red and green circles
represent example regions where the elasticity values are artificially
high and low, respectively. (e¢) and (f), axial strain and elasticity
measurement using the monotonic manual compression approach.
The elasticity sensitivities, o, are displayed in (b), (d) and (f).

of the monotonic compression (approximately the first 80 B-
scan pairs in Figure 3(e)), the average slope of the compression
was small compared to that at the same region in Figure 3(c),
as the manual compression was slightly delayed due to a lag in
the response time of the human operator. This results in a large
variation in the elasticity measurement due to a low signal-to-
noise ratio in the phase difference measurement, a similar
artefact to that displayed at the turn-around region in
Figure 3(c). Between the 80th and 250th B-scan pairs, the
measured elasticity values and standard deviations in
Figure 3(d) and 3(f) are similar, due to similar compression
rate and axial strain range. However, from the 250th to the last
B-scan pair, the measured elasticity values and standard
deviations in Figure 3(f) are much higher than that in Figure
3(d), most likely due to the nonlinear stress-strain relationship
at the high axial strain range reached by the monotonic
compression method. Measured from Figure 3(f), excluding
the first 80 B-scan pairs where the elasticity measurement is
noisy, the elasticity sensitivity of this monotonic manual
compression configuration is 3.9 kPa, much larger than that of
the bidirectional compression-decompression approach.

Note that in [21], we characterized elasticity sensitivity
using a homogeneous silicone phantom fabricated from a
different batch of silicone compound and at a higher pre-load
(~-0.3). The measured elasticity sensitivity was 2.2 kPa for the
mounted configuration, and 2.6 kPa for the handheld
configuration using the piezoelectric actuator, ~20% degraded
from the mounted configuration [21]. In comparison, the
elasticity sensitivities of the bidirectional and monotonic
manual compression approaches described in this paper are,
respectively, ~200% and ~460% degraded from the mounted
configuration, indicating that the manual compression
approaches introduce additional noise in elasticity
measurement due to variations in bulk and local strain.
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2.4 | Tissue-mimicking phantom and breast tissue
specimens

We performed handheld volumetric manual compression-
based QME on an inclusion-embedded tissue-mimicking
silicone phantom and freshly dissected breast tissue specimens
from mastectomy and WLE surgeries. The silicone phantom
comprises two parts: a soft base material (Wacker P7676 A and
" at 1:1 mixing ratio) and a stiff inclusion (Wacker RT601 A

and B and silicone oil (Wacker AK 50) at 10:1:10 mixing ratio).

1 ue tangent moduli of the base material and the inclusion were
measured to be 18.7+1.2kPa and 277.0+10.9 kPa,
re pectively, at 20% axial strain, using a custom uniaxial
compression device. To achieve OCT signal-to-noise ratio
“ailar to that in tissue, we added TiO» scattering particles
(Sigma Aldrich, product 232033, average particle size of
“pum) in  both the base material (mixing
concentration = 1 mg/ml) and the inclusion (mixing
concentration = 3 mg/ml). In addition, 11 specimens of freshly
__cised human breast tissue were scanned: 5 mastectomy and
6 WLE specimens. A tissue sample with a size of
4x36x5mm was dissected from each mastectomy
specimen and scanned within one hour of excision, whilst the
WLE specimens remained intact (typical volume of
~50 x 50 x 20 mm) and were imaged in the same timeframe.
Following the scans, each mastectomy tissue sample was
hisected and placed in two cassettes to enable preparation for
nistology in the same plane as the en face plane of the QME
=~ uns. For WLE specimens, the histology was prepared
following the standard histological procedure used at Fiona
Stonley Hospital, where each specimen was sliced in a
" read-loaf” fashion from the lateral to medial margin, in the
same plane as OCT/QME B-scans [15]. The histology was
Juired ~1 week after the scan of each specimen. Specimens
were obtained from patients undergoing surgery at Fiona
swnley  Hospital, Western  Australia  (Project No:
FAH.2(015-032). Informed consent was acquired from each of
the patients before the surgery. The ethics for this research
project was approved by the Sir Charles Gairdner and Osborne
P tk Health Care Group Human Research Ethics Committee,
Western Australia (HREC No: 2007-152).

—.5| Signal processing

7 .e signal processing used in this study is largely the same as
that described in [21]. Both the complex weighted phase
<" ference and local strain maps were smoothed using a 2-D
Gaussian filter with FWHM of 30 pm in the same plane as the
OCT B-scan. The 3-D micro-elastograms were smoothed by a
mcdian filter covering 45 pm in both x- and y-directions.
Matlab R2016a was used to process the data on a system with
two Intel Xeon E5-2690 8-core CPUs, 192 GB of RAM, and a
1 TB solid-state drive. 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.

3| RESULTS

3.1 | Handheld volumetric manual compression-based
QME on the tissue-mimicking phantom

We scanned the tissue-mimicking phantom using the mounted
configuration with the piezoelectric actuator (Configuration 1
in Section 2.3) and the freechand configuration with the
bidirectional manual compression approach (Configuration 2
in Section 2.3) and compared the image quality. Figure 4(a)
and 4(b) show the en face OCT image and en face
micro-elastogram acquired using the mounted configuration,
setting a benchmark for image quality. The images are shown
at a depth of ~500 pm below the phantom surface, with the
horizontal axis being the OCT B-scan direction. The stiff
inclusion, with the mean elasticity value and standard
deviation measured to be 370.4 +94.7 kPa, can be clearly
delineated in both the OCT image and micro-elastogram. The
elasticity values of the base material are also calculated, with
20.8 + 3.8 kPa and 24.2 + 4.1 kPa for the rectangular regions
inside the red and black dashed frames, respectively, in Figure
4(b). The consistent elasticity values in the two rectangular
regions indicate that the base material of the phantom was
fairly uniformly compressed in the mounted setup. Figure 4(c)
is an elasticity profile along the dashed horizontal line across
the inclusion in Figure 4(b). Figure 4(d) and 4(e) show the en
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FIGURE 4 (a), (b) En face OCT image and micro-elastogram of the
tissue-mimicking phantom acquired with the mounted setup. (c)
Elasticity profile along the dashed horizontal line in (b). (d), (e) En
face OCT image and micro-elastogram of the same phantom acquired
with the handheld probe using the freehand bidirectional manual
compression approach. The white arrows in (e) indicate the band
artefacts in the micro-elastogram. (f) Elasticity profile along the
dashed horizontal line in (e). Scale bars = 1 mm.
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face OCT image and en face micro-elastogram acquired using
the freechand bidirectional manual compression approach, also
at an imaging depth of ~500 pm and with the horizontal axis
being the OCT B-scan direction. The inclusion can be clearly
delineated in the OCT image, suggesting negligible effect of
lateral hand motion on OCT image quality. In the
micro-elastogram, Figure 4(e), the inclusion is also clearly
visible and can be easily distinguished from the soft base
ma’ rial. The measured elasticity value of the inclusion region
18 517.2 £ 193.1 kPa, approximately 1.4 times larger than that
sured in Figure 4(b), most likely due to the higher preload

on the phantom in the freehand configuration. There are some
dist rtions and image artefacts in Figure 4(e), e.g., the
_1zontal bands indicated by the white arrows, caused by hand
maotion in both lateral and axial directions. In addition, the
elasticity values of the base material are calculated to be
30 S+ 9.4 kPa and 20.2 + 4.4 kPa for the rectangular regions
mside the red and black dashed frames, respectively. From this
measurement, the left-hand side of the micro-elastogram
‘ays higher elasticity for the base material than the
right-hand side, likely due to a small tilt of the probe during the
ma nal compression scan. In the black dashed frame in
~agure 4(e), the top section displays slightly higher elasticity
values than the bottom section, most likely due to the axial
strain variations at different B-scan locations caused by the
hand motion. Despite these artefacts, the overall image quality
in micro-elastogram Figure 4(e) is comparable to that in
. .o-re 4(b). Figure 4(f) is an elasticity profile along the dashed
hori-ontal line across the inclusion in Figure 4(e). The
wcasured inclusion elasticity in Figure 4(f) is slightly higher
‘han that in Figure 4(c), most likely due to the slightly different
~ro"Hads in these two scan configurations. The difference in the
measured elasticity of the base material between the left- and
=~ -hand sides is also clearly presented in Figure 4(f), due to
the tilt of the handheld probe during the manual compression

3.2 | nandheld volumetric manual compression-based
QME on human breast tissues

To verify the results acquired on breast tissues, we also
scar 1ed the specimens with a wide-field, benchtop QME
., wiem described previously [14] prior to performing the
handheld volumetric manual-compression scans. This allowed
us  to co-register photographs, OCT images and
uucro-elastograms, acquired in both the freehand and the
wid -field benchtop scans, with post-operative histology.

.nong these scanned tissues, according to post-operative
histology, invasive cancer was reported in 4 dissected
mas‘ectomy specimens, and no cancer was found within 5 mm
deep from the scanned surface of the WLE specimens. In this
section, we present representative results from 2 mastectomy
specimens and 1 WLE specimen.

Figure 5 shows the wide-field, benchtop QME scan and the
handheld volumetric manual compression-based QME scan of
a mastectomy specimen. Figure 5(a) is a mosaicked
photograph acquired by the wide-field, benchtop QME system,
with a field-of-view of 46 x 46 mm. Figure 5(b) is a wide-field
overlaid en face OCT/micro-elastogram image, displayed at
~300 um below the tissue surface. In Figure 5(b), adipose

tissue and milli-scale non-contact regions are segmented using
a custom, thresholding-based algorithm [8]. Figure 5(c) is the
histology of the scanned tissue surface. Figure 5(d) is the
photograph acquired using the handheld probe, at the location
indicated by the green frame in Figure 5(a). Figure 5(e) and
5(f) are en face OCT image and en face micro-elastogram,
respectively, acquired using the freehand manual compression
approach at the same location indicated by the green frame in
Figure 5(b). In Figure 5(e), the adipose tissue can be readily
identified owing to its characteristic honeycomb structure [7,
8, 14]. In Figure 5(f), low elasticity values were measured for
the adipose tissue regions, and the neighboring areas
displaying high elasticity values are tumor regions with
invasive ductal carcinoma (IDC), confirmed by the histology,
Figure 5(g), which is the zoomed-in image of the green frame
in Figure 5(c). Representative regions of IDC and adipose
tissue are selected by the black and red dashed frames in
Figure 5(f), with the measured elasticity values of
383.5+197.1 kPa and 14.8 £ 6.4 kPa, respectively. In this
measurement, the elasticity value of IDC is approximately 26
times higher than that of adipose tissue.

1000
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FIGURE 5 Tissue results from mastectomy specimen 1. (a)-(c),
wide-field photograph, overlaid en face OCT/micro-elastogram and
histology. (d) photograph, (¢) en face OCT and (f) en face
micro-elastogram acquired using the freechand manual compression
approach. (g), zoomed-in histology at the same location as the
freehand scan. A, adipose tissue. IDC, invasive ductal carcinoma.
Scale bars in (a)-(c) = 6 mm, scale bars in (d)-(g) = 1 mm.
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Figure 6 presents the results of handheld volumetric
manual compression-based QME on a second mastectomy
specimen. Figure 6(a)-6(c) show the wide-field photograph,
overlaid en face OCT/micro-elastogram image and the
histology image, respectively. The overlaid
OCT/micro-elastogram image and the histology are displayed
at an imaging depth of ~300 pm below the tissue surface. As
the size of this specimen was slightly too large to fit into two
k" tology cassettes, it was dissected and prepared in three
cassettes instead. Note that the wide-field histology,

sure 6(c), is slightly rotated compared to the wide-field
photograph and OCT/micro-elastogram overlay, Figure 6(a)
ar 1 6(b), as the orientation and shape of the specimen were
atered during the histological processing. Figure 6(d)-6(f)
show the photograph, en face OCT image and en face
micro-elastogram, respectively, acquired using the handheld
volumetric manual compression-based QME probe. The
rreehand scan region was co-registered with the wide-field
images, indicated by the green frames in Figure 6(a) and 6(b),

pectively. In Figure 6(e), the adipose tissue can be clearly
distinguished due to its characteristic honeycomb structure,
o responding to a region of low elasticity in Figure 6(f). The
regions of denser tissue in Figure 6(e) display high elasticity
values in Figure 6(f), corresponding to a region of ductal
ca-cinoma in situ (DCIS), confirmed by histology, Figure 6(g),
which is the zoomed-in image of the green square frame in
Figure 6(c), representing the freehand scan location.
..-presentative regions of DCIS and adipose tissue are selected
by the black and red dashed frames in Figure 6(f), with the
measured elasticity value of 482.3+297.8kPa and
20.2 + 11.5 kPa, respectively. In this measurement, the
2" sticity value of DCIS is approximately 24 times higher than
that of adipose tissue. The measured elasticity values of tumor
~~1 adipose tissue regions are higher than that in Figure 5(f).
The ratios between the tumor and adipose tissue elasticity

lues are very similar in Figure 5(f) and 6(f).

As identification of tumor margins during WLE is one
puwidal  clinical use of handheld volumetric manual
compression-based QME, it is important to also demonstrate
it performance on these specimens. Figure 7 presents results
wom a ~20-mm thick WLE specimen, co-registered with
wide-field scans and histology. Figure 7(a) and 7(b) show the
= Je-field  photograph  and  overlaid en face
OCT/micro-elastogram image, at an imaging depth of
~=00 um below the tissue surface, on the superficial margin of

-2 specimen. Figure 7(c) is the histology image acquired on
the tissue slice orthogonal to the scanned tissue surface. The

sue  slice location was co-registered with wide-field,
benchtop scans, following the method described in detail in
[27], and is indicated by the red dotted line in Figure 7(b).
Figure 7(d)-7(f) are the photograph, en face OCT image and en
face micro-elastogram acquired using the handheld volumetric
manual compression-based QME probe. The region scanned
with the probe is marked by the green frames in the wide-field
images, Figure 7(a) and 7(b). The red dotted lines in
Figure 7(e) and 7(f) indicate the approximate location of the
histology slice presented in the inset of Figure 7(c), which is
an estimation of the tissue cross-section scanned with the
handheld probe. In Figure 7(e), adipose tissue can be easily
distinguished due to its characteristic honeycomb structure,
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FIGURE 6 Tissue results from mastectomy specimen 2. (a)-(c),
wide-field photograph, overlaid en face OCT/micro-elastogram and
histology. (d) photograph, (e) en face OCT and (f) en face
micro-elastogram acquired using the freehand manual compression
approach. (g), zoomed-in histology on the same location as the
freehand scan. A, adipose tissue. DCIS, ductal carcinoma in situ.
Scale bars in (a)-(c) = 6 mm, scale bars in (d)-(g) = 1 mm.

and neighboring fibrous tissue presents relatively
homogeneous features in the OCT image. In Figure 7(f),
representative regions of fibrous tissue and adipose tissue are
selected by the black and red dashed frames, with the measured
elasticity value of 53.8+16.7kPa and 12.6+7.4kPa,
respectively. The fibrous tissue presents higher elasticity than
the surrounding adipose tissue, yet relatively low when
compared to the elasticity in the tumor regions in Figure 5(f)
and 6(f), as expected from previous QME studies [14, 15]. The
measured elasticity values of IDC, DCIS and benign tissues
shown in our results are also consistent with previous study
using an OCT-elastography-based optical biopsy technique
[28].

4| DISCUSSION

We have demonstrated the first handheld volumetric manual
compression-based QME, capable of producing comparable
OCT and micro-elastogram image quality to that of an
actuator-based technique. As we continue to develop QME for
clinical use, such as intraoperative imaging in BCS, where
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FIGURE 7 Tissue results from a WLE specimen. (a) and (b),
wiue-field photograph and overlaid en face OCT/micro-elastogram
image. (c), histology of the tissue slice orthogonal to the scanned
suri. ce, with the slice location indicated by the red dotted line in (b).
‘D =hathoraph, (e) en face OCT and (f) en face micro-elastogram
acquired using the freehand manual compression approach, with the
scanning location indicated by the green frames in (a) and (b). The
re< jotted lines in (e) and (f) indicate a representative location of the
mset in the histology image (c). A, adipose tissue. F, fibrous tissue.
Sca = bars in (a)-(c) = 6 mm, scale bars in (d)-(f) = 1 mm.

limi‘ed space is available in the operating room, our approach
- be preferable as no additional equipment is required to
apply local strain to the tissue and the simple probe design can
m-  easily incorporate QME scans in the existing surgical
protocol, with only marginal sacrifice to OCT and
micro-elastogram image quality. In addition, the rapid
acquisition guarantees that our technique is compatible with
the current timeframe of BCS.

As has been demonstrated in both the phantom and tissue
results, our technique provides measurements over a relatively
large range of elasticity values (~2 kPa - ~800 kPa, a factor of
~400), realized by the QME method where elasticity is
calculated from dividing stress by strain. Typically, the noise
level of the strain measurement in our system is tens of pe, and
the maximum measurable strain value is a few me before phase
decorrelation occurs. In addition, the measurable stress range
is from a few Pa to a few hundred Pa, varying by a factor of

~50 - 100. This results in a large measurable range of elasticity,
up to a factor of 2000-5000. For instance, in Figure 5(f), the
stress in the region of IDC is ~100 Pa and is ~5 Pa in the region
of adipose tissue, calculated from the axial and local strain
measurement of the silicone bi-layer. In addition, the measured
strain of the adipose tissue region is ~20 times higher than that
of the IDC region, which is well within the measurable strain
range of our system. This results in a range of ~400 times
measured for the tissue elasticity.

A limitation of our approach is the requirement to
continuously vary the axial strain during the scan, resulting in
measuring the elasticity over a nonlinear range in the sample’s
stress-strain curve, as demonstrated from the silicone phantom
scans in Section 2.3. Although this effect appears to be quite
small in the silicone and breast samples scanned here, it may
be worse in more nonlinear tissues, such as in some breast
cancer samples, where the tangent modulus has been reported
to vary up to a factor of 3 in an axial strain range of 2.5% [29].
To reduce the axial strain range during the scan in such cases,
it may be required to modify the compression to have multiple,
smaller compression-decompression cycles to ensure that the
tangent modulus is measured in a relatively linear region of the
sample’s stress-strain curve. In addition, from the phantom
measurement displayed in Figure 3(d), there is no evident
hysteresis, as the measured elasticity values are similar for the
compression and decompression stages. From the tissue results
presented in Figure 5(f), 6(f) and 7(f), we have not seen
obvious hysteresis, which is consistent with the experimental
results described in [29]. However, it is difficult to examine the
hysteresis effect in our handheld volumetric manual
compression-based QME, as different tissue regions are
scanned during the compression and decompression stages. In
future work, to measure this hysteresis effect of different tissue
types, we can perform compression and decompression scans
on the same tissue location and compare the elasticity values
acquired at different stages.

Another issue is the difficulty to maintain a constant speed
of the hand motion at the compression and decompression
stages, resulting in variations in the phase difference
measurement which is used to estimate the local strain. Large
variations in phase difference measurement can introduce
image artefacts in the micro-elastograms, due to phase
decorrelation (too much displacement between consecutive
B-scans) or low phase difference below the noise level (too
small displacement between consecutive B-scans). Particularly,
at the transition stage between compression and
decompression, the displacement between consecutive B-scans
can be very small, resulting in low local strain signal-to-noise
ratio and, consequently, low sensitivity in the -elasticity
measurement. This issue will become more prominent when
translating our approach to in vivo imaging in the operating
room, where it is more difficult to maintain the constant
compression due to complex tissue structure and involuntary
motion of the patient. To mitigate this issue and improve the
image quality, faster acquisition methods, e.g. Fourier domain
mode-locked swept source laser [30, 31], can be used, and
averaging of multiple B-scans at the same location can help to
improve the elasticity sensitivity.

In our demonstration of handheld volumetric manual
compression-based QME, the total scan time for a
6 x 6 x 1 mm tissue volume is 3.4 seconds. Approximately the
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first half of the volume is acquired during the compression
stage, and the second half of the volume is acquired during the
decompression stage. However, it is difficult to control the
hand motion to compress the tissue for exactly 1.7 seconds and
decompress for the other 1.7 seconds. In addition, it takes
~200-300 milliseconds for the tissue to transition from
compression to decompression, due to the viscoelastic
responses of the tissue and the silicone layer, as well as the
v ponse time for a human operator to change the direction of
the hand motion. To minimize the timing error and to avoid

inning during the transition stage, one potential method is to
customize the scan pattern of the MEMS mirror: the first half
C scan is acquired for 1.7 seconds, while the tissue is
~ompressed; then the MEMS mirror is held steady for
~S00 milliseconds, to allow reversing the compression
direction; then the second half C-scan is acquired for
1.7 seconds, while the tissue is decompressed.

We have demonstrated that handheld volumetric manual

compression-based QME is capable of scanning tissues with

‘atively flat surfaces, e.g., the dissected mastectomy
specimens in this study. However, for tissues with complex
o uctures, e.g., uneven or slippery surfaces, the manual
compression approach might not be suitable, due to phase
decorrelation caused by relatively large lateral movement
beween the probe and the tissue. To address this issue, a
smaller imaging window can be used to compress the tissue
more locally. In this case, the relatively small tissue surface
-.atacting the imaging window can be considered flat. In
ad lition, the indentation of the tissue caused by the small
alameter of the imaging window helps increase the friction
between the probe and the tissue, restricting the lateral motion
2 the probe during the scan.

In this study, 11 excised tissue specimens (5 mastectomies
2~ 16 WLEs) were scanned using handheld volumetric manual
compression-based QME. However, a larger sample size is

eded to determine the diagnostic accuracy, i.e., the
seusitivity and specificity, in identifying tumor and benign
....... In addition to margin assessment on the excised
specimen during BCS, this technique could be implemented in
vi'0 to help surgeons detect residual tumor in the surgical
cavity. To achieve this, some modifications to the form factor
of the probe are required to make it more accessible to breast
o sities. In addition, the probe can be designed to fit in other
surgical applications, e.g., lung cancer and liver cancer
su geries.

5| CONCLUSION

In this paper, we have demonstrated a freehand volumetric
mcnual compression-based QME approach, providing rapid
scans of a 6 x 6 x | mm tissue volume in 3.4 seconds. The
elasticity sensitivity of this approach was characterized and
compared to a bench-mounted QME setup using a
piezoelectric actuator and a freehand setup using a monotonic
manual compression approach. We performed handheld
volumetric manual compression-based QME on a structured
silicone phantom, demonstrating comparable image quality to
the mounted scan using a piezoelectric actuator. We also used
our approach to scan 11 freshly excised human breast

specimens from both mastectomy and WLE procedures, and
co-registered the photograph, OCT images and
micro-elastograms with histology, demonstrating that tumor
can be distinguished from the surrounding benign tissue based
on elevated elasticity.
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