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ABSTRACT Chemical fixation is the slowest and often the most uncontrolled step in the multi-step process
of preparing tissue for histopathology. In order to reduce the time from taking a core needle biopsy to making
a diagnosis, a new approach is proposed that optically monitors the common formalin fixation process.
A low-cost and highly-sensitive laser speckle imaging technique is developed to measure shear wave velocity
in a biospecimen as small as 0.5 mm in thickness submerged in millifluidic channels. Shear wave velocity,
which is the indicator of tissue mechanical property and induced by piezoelectric-actuation, was monitored
using gelatin phantom and chicken breast during fixation, as well as post-fixed liver and colon tissues from
human. Fixation levels in terms of shear wave velocity increased by approximately 271.0% and 130.8% in
gelatin phantom and chicken breast, respectively, before reaching the plateaus at 10.91 m/s and 7.88 m/s.
Within these small specimens, the plateaus levels and times varied with location of measurement, and
between gelatin and chicken breast. This optical-based approach demonstrates the feasibility of fine-tuning
preanalytical variables, such as fixation time, for a rapid and accurate histopathological evaluation; provides
a quality metric during the tissue preparation protocol performed in most pathology labs; and introduces the
millifluidic chamber that can be engineered to be a future disposable device that automates biopsy processing
and imaging.
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I. INTRODUCTION

In medical practice, multiple trends are modernizing
pathology, such as (1) increasing reliance on biopsy tis-
sue processing in disease diagnosis which also influences
therapeutic approaches, (2) obtaining biopsies from more
minimally invasive procedures like needles, and (3) provid-
ing more rapid and less destructive tissue analysis of these
smaller specimens from coring needles.

Histopathologic study of clinical tissue biopsies from sus-
picious lesions is considered the gold standard to identify
and confirm disease diagnosis (e.g., cancer). Regardless of
the size or type, currently all tissue biopsies are chemically-
fixed to satisfy three primary criteria: specimen handling,

absorptive/fluorescent staining, and antigen retrieval for
immunohistochemical analyses. 10% neutral buffered for-
malin (NBF) has been most commonly used and best
characterized in the pathology laboratories for more than
100 years [1], [2]. Formalin fixation is the slowest step in
biospecimen preparation process in which formalin fixative
penetrates tissue relatively fast due to a small molecule of
formaldehyde, however, the binding (covalent cross-linking)
process between proteins by formaldehyde is quite slow [3].
Without clinical complexity, the speed of formalin fixation
is generally recognized at 0.5 - 1.0 mm/hour, which is
oversimplified. For example, there are recommended fixation
times for human tissues, such as 6 to 72 hours of fixation for
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estrogen receptor (ER), progesterone receptor (PgR), and
human epidermal growth factor receptor 2 (HER2) testing
for breast cancer [4], and more than 8 hours for quantum
dot (QD) in situ hybridization (ISH) in prostate needle
biopsy [5]. However, in most cases, pathology laboratories
develop the effective preanalytical factors in tissue handling,
such as fixation time, through empirical approach based
on their infrastructure, tissue geometry, and target biomark-
ers, presumably because of a lack of standardized fixation
parameters. Some experts present conflicting results to the
consensus recommendations [6]-[8] and even claim that
those consensus recommendations describe largely ‘“‘faith-
based’ exercises, and not based on the scientific evidence [9].
When fixation is not properly completed, mostly underfixed,
the tissue cannot be restored, and the results of histological
and molecular pathological diagnosis can be erroneous, e.g.,
tissue distortion, poor quality of staining, while over-fixation
can be partially reversed by antigen retrieval [5], [10]-[12].
In addition, more efforts to understand the preanalytical
variables, especially fixation approach, in conventional
biospecimen process are being made as cancer immunother-
apy techniques are being translated into the clinic, which
requires the high-quality nucleic acids for molecular
diagnosis [13]-[15].

Minimally-invasive biopsy, such as core needle biopsy
(CNB), is becoming more common as a tissue sampling
method in cancer management because of the great benefits
of being cost-effective, less painful, easier sampling, and
lower postoperative morbidity compared to a surgical biopsy
[16]-[18]. Each year in the United States, several million
needle biopsies from various organs are procured: 1.6 million
breast biopsies [17], 1 million prostate biopsies (only in the
Medicare population) [19], plus lung biopsies, liver biop-
sies, pancreatic biopsies, etc. Now, minimally invasive CNB
for breast tissue diagnosis is the “optimal initial tissue-
acquisition method and the procedure of choice for image-
detected breast abnormalities” and has been advocated to
become the standard of care [20].

The small size of CNB makes the tissue specimen valuable
because of tissue scarcity for diagnostics, and also chemi-
cal processing times are reduced with such small volumes
(typically 10 - 40 mm?). Since chemical fixation is the slowest
step in the established process of histopathology, speeding
up this process has been the focus of numerous studies. One
approach is enhancing the fixation process with or without
NBFE, such as rapid two-temperature fixation [21], elevated
pressure fixation [22], ultrasound-facilitated fixation [23],
microwave fixation [24]. Alternatively, there have been per-
sistent studies on alcohol-based fixatives, which offers faster
fixation and longer preservation of protein, DNA, and RNA
while having a similar histomorphology by NBF [25]-[28].
Implementation of all these different techniques requires a
highly flexible laboratory environment, while manually han-
dling CNBs is tedious and overnight tissue batch preparation
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with a tissue processor is needlessly slow. Instead, the small
specimen size lends itself well to an enlarged version of
microfluidics or millifluidics where Lab-on-a-Chip technolo-
gies can process small biospecimens. This novel millifluidic
device, which is under development in our lab [29]-[31],
may aid clinicians in the rapid assessment of CNBs. Once
imaged within the device, the specimen may be seamlessly
passed into the standard pathology workflow and conven-
tional histopathological evaluation.

Thus, the previous listed three multiple trends moderniz-
ing pathology may soon require the development of process
control of the CNB sample preparation, which would include
real-time monitoring of chemical fixation. There has been a
study to quantitatively monitor the fixative diffusion using an
ultrasonic time-of-flight technique [32]. However, the fixa-
tive diffusion is not correlated to the structural modification
by fixation, which cannot be solely evaluated by compres-
sional wave transport, especially in two-phase (liquid-solid)
interfaces. In contrast, shear wave, which can only propagate
in solids, is feasible to detect the real-time structural changes
of the biospecimen while submerged in fixative. For the shear
wave propagation, laser speckle imaging (LSI) is a highly
sensitive and relatively low-cost configuration without exper-
imental complexity compared to other imaging modalities
(e.g., ultrasound, OCT and MRI). Furthermore, LSI can be
used on a small CNB sample in a millifluidic chamber.

In this paper, we propose the shear wave laser speckle
imaging (SW-LSI) configuration to measure the SW velocity
(SWV) of a CNB-sized specimen in NBF-filled millifluidic
channels, by which the dimensional and temporal changes
of the fixation level were evaluated in terms of the stiffness
indicator, shear wave. The approach uses non-destructive
optical light scattering which can be conducted on these small
specimens within a small millifluidic chamber or channel.
Low cost and portability are also requirements since these fix-
ation monitors are designed to be ultimately used at the point-
of-care. In this preliminary study, the SWV at different depths
of a sub-centimeter-scale submerged gelatin phantom and
chicken breast sample are measured to quantitatively track
the biopsy-sized specimen’s fixation level during formalin-
fixation in millifluidic channels. The results of SW-LSI mea-
surement in biological tissue, including any animal tissue,
is presented for the first time. In addition, monitoring the
formalin fixation using SW-LSI, to the best of our knowledge,
has not been reported previously. The ancillary measurements
of fully fixed human liver and colon biopsy are also added
to the comprehensive results from 6% gelatin phantom and
chicken breast. In conclusion, we propose that this noninva-
sive fixation monitoring system helps to eliminate redundant
tissue preparation time in avoiding underfixation, eventually
reduce the labor costs of manual processing, and have the
potential to finely engineer fixation protocols for tissue size,
type, and specific molecular biomarkers as well as other
fixatives.
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Il. MATERIALS AND METHODS

A. OPTICAL-BASED APPARATUS FOR SHEAR WAVE
VELOCITY MEASUREMENT

Elasticity measurement can be achieved through two meth-
ods; strain ratio and acoustic wave velocity measurement. The
strain ratio measurement under static or dynamic compres-
sion is a simple and straightforward method. However, this
technique is not able to measure Young’s modulus quanti-
tatively because the applied local stress is difficult to mea-
sure. The properties of acoustic waves can also be used for
elasticity. Wave propagation speed is characterized by the
acoustic impedance which depends on the mass and elasticity
of tissue. The speed of compression wave is determined by
the bulk modulus (the inverse of the compressibility) and
density of both solid and fluid media. In contrast, the speed
of shear wave is dependent on the shear modulus and density
of a solid. Therefore, the measurement of shear wave is
more suitable to determine the mechanical property change
of tissue, ignoring the effect of the proportions of interstitial
fluid and other solutions, i.e., fixative. Another advantage of
shear wave is that the broad range of its velocity compared
to that of compressional wave which differs less than one-
thousandth of the velocity in different tissue types [33]. The
shear wave is expressed by Newton-Laplace equation in terms
of the shear modulus and density of a medium; vy = /(G/p),
where G is shear modulus, vy is shear wave speed, and p is
solid’s density.

LSI detects and evaluates dynamic motions in a scattering
medium using the spatiotemporal change of local 2D speckle
patterns [34]-[36]. Speckle pattern is the interference pat-
tern formed by the illumination of scattering particles, and
the series of the temporal speckle patterns are similar in
appearance to the video of fast-moving objects captured by
a camera. And those movements (i.e., shear wave) are shown
as the temporal change of local speckle patterns with a short
camera exposure time or the local blurring with long expo-
sure time. The speckle pattern series, therefore, reveal the
spatiotemporal distribution of shear wave. High-resolution
speckle patterns can be monitored through magnification
(i.e., a 5X objective) and at substantially higher SNRs as pixel
(px) sizes for machine vision cameras are continuously trend-
ing to smaller sizes (7.4 pum). LSI systems are additionally
simple to set up as a benchtop apparatus (Fig. 1).

B. SAMPLE PREPARATION

This formalin fixation study was divided into two parts: a
dimensional study and temporal study. The dimensional study
aimed to evaluate the fixation level change at different depths
in a thick specimen (width = 15 mm). In the temporal study,
the average fixation level change in a thin specimen (width =
1.5 mm) was investigated over time. Gelatin phantom used
in both studies was not only chosen for a rapid and easy
way to control the phantom characteristics, but also to mimic
the chemical fixation process in soft tissue by formalin [37].
The gelatin phantoms were fabricated with the gelatin
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FIGURE 1. (a) An experimental apparatus (b) A schematic of
experimental setup on left. L.S.: laser source, B.E.: beam expander,

M.C.:milifludic chamber, O.L.:objective lens, A.:actuator, P.D.:piezo driver,
F.G.:function generator, Osc.:oscilloscope.

powder (Sigma-Aldrich, 300 Bloom) at the mass concentra-
tion of 6% and Titanium Oxide (US Research Nanomateri-
als, Inc., TiO2 18nm) at the mass concentration of 0.3% to
enhance optical scattering. In addition, fresh chicken breast
was prepared to compare the fixation behavior with gelatin
phantom. The human liver and colon tissue after prolonged
formalin fixation were also prepared to benchmark for clini-
cal translation.

1) DIMENSIONAL STUDY

Gelatin phantom and chicken breast cut in a cube shape,
at I5mmx 15mm x 15mm, were used during formalin fixation
and later sliced into a biopsy sample for imaging. A sin-
gle specimen cube was required for every hour of image
acquisition, e.g., fresh, 1 hour, 2 hours, and so on. The
prepared cubic samples were immersed within a 15 times
greater volume of NBF. Each hour during fixation, one
cube was sectioned into CNB cross-sectional size, approxi-
mately 1.5mm x2mm x2mm, for three different depth points
of interest (i.e., 1.5mm, 4.5mm, and 7.5mm in depth from
surface) and placed in a custom-designed water-filled open-
top cuvette (Fig. 2). The sliced specimen was completely
submerged, and the focal plane of the sensor was placed to
the middle of the slice, which was the specified depth from
the surface of the block.
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(a) (b)

FIGURE 2. Chicken breast tissue located in a cuvette channel filled with
formalin. (a) side view and (b) top view.

2) TEMPORAL STUDY

To evaluate the mechanical property change of a 2mm biopsy-
sized specimen by NBF, SWV measurement was conducted
within short time intervals (10-15 minutes) over 3 hours
(up to 5 hours with a longer time interval, around 30 minutes)
for gelatin and 4 hours for chicken breast. The specimen was
not moved during the entire experiment after it was positioned
in the millifluidic channel. The channel holds more than
20 times more volume of NBF than the specimen.

3) HUMAN TISSUE MEASUREMENT

Human liver and colon extra tissue samples were also
acquired from University of Washington Northwest Biotrust.
IRB approval was already obtained by the principal investi-
gators (Eric Seibel and Rodney Schmidt, retired Pathologist).
The tissues, in about 10 mm3 block size, were kept in NBF
more than three months, which were considered as prolonged
fixation. Both tissue types were cut down to 0.5mm and Imm
in thickness for liver and colon tissues to allow for strong
optical scattering. Positioning and measuring protocols were
the same as above.

C. SYSTEM OPERATION

A 532nm 10mW laser (B&W Tek, BWN-532-10E) was
expanded to a 3mm-diameter collimated beam and trans-
mitted through a tissue biopsy sample orthogonal to the
propagation direction of the shear wave, thus producing a
speckle pattern image. Polarizing and neutral density filters
were introduced after the beam expander to adjust speckle
pattern intensity variation based on specimen thickness and
camera exposure time (Fig. 1). A machine vision camera
(Allied Vision, Prosilica GE1650, 1.9MP CCD) was precisely
positioned opposite the laser beam to capture the speckle
pattern over time. Phantom or tissue in a millifluidic channel
attached to an XYZ-translation stage was located between the
laser and camera. The dimension of the open-top millifluidic
channel is 4mm x Smm x 15mm (width x height x length),
allowing placement of thick CNBs up to 9-gauge needle size.
Disposable cuvette is customized for millifluidic channels
because of low cost and easy reproduction, however, glass-
based channels can also be used. A flat-headed needle tip of
a stack piezoelectric actuator (STEMiNC, SMPAK15553D4,
3 x 3 x Smm, 0.15uF) provided vertical force to the sample
in the millifluidic channels. The displacement of the force
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FIGURE 3. (a) A grid of reference and target nodes. (b) Example
correlation coefficient signals of fresh 6% gelatin over time at the
reference and target (every 10th) nodes averaged along the vertical
dotted box shown in (a).

was set to 0.5 um, and a single cycle of 1000 Hz sinusoidal
signal was applied. The laser speckle pattern was recorded by
the camera with a magnification of 5 power (5x) through an

objective lens. The minimum speckle size (S) is estimated by

I
the relationship, § = 2.44 5%

- , where A is a laser wave-
length, M is the imaging magnification, f/# is the f-number of
the imaging system. And, our system has a minimum speckle
size of 38.5 um and equivalent to 5.2 pixels (N = 5.2). The
spatially oversampled speckle patterns have slightly better
resolution than the Nyquist sampling criteria, N = 2 [38].

Once the specimen was inserted in the millifluidic channel,
the field of view (FOV) of the camera and the contact position
of the piezoelectric actuator (piezo) tip on the specimen
contact were adjusted to locate the point of piezo force on
the top side edge of the FOV to maximize the distance of
shear wave propagation within FOV (d = 1.8 mm). And
the midplane of the specimen, the identical plane of the
piezo tip, was then focused by the objective lens and sensor.
MATLAB image acquisition toolbox was used to acquire
image data and operate the camera, which was synchronized
with a piezo amplifier (A.A. Lab Systems, A-301HS), a func-
tion generator (GW Instek, AFG-2225), and an oscilloscope
(LeCroy, LT374M).

D. DATA ACQUISITION

The region of interest for the CCD sensor was cropped to
400 px x 1200 px for fast data acquisition which increased
the frame rate from 30 to 50 frames/second. The 12-bit
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FIGURE 4. (a) Example shear wave propagation in speckle correlation maps (41px x 132px) at Ous, 172.6us, 345.3us, 517.9us,
690.9.s, 863.2us, respectively. Low values of correlation coefficient indicate the shear wave (black arrow) and the last screen
shows the following wave (small gray arrow). (b) Field of view (red box) in a chicken breast specimen. Shear wave propagation
direction (black arrow) from the piezo excitation (blue arrow). (c) Spatiotemporal map of the specimen same location of FOV

in (b). The excitation duration was 1ms (single pulse at 1kHz) as shown with the black box (1ms is equivalent to 50 frames at the
sampling frequency of 50kHz). The weak waves before and after the shear wave are presumably due to the inertial mass of the

piezo actuator and tip.

sampling depth of an analog to digital converter was selected
to record over 8-bit to increase the sensitivity of speckle
pattern imaging as the speckle images suffer from signifi-
cant noise. Due to the restriction of the frame rate, sequen-
tial equivalent-time sampling was employed to increase the
effective camera frame rate [39]. For instance, when the
camera frame rate was set to 50.00 Hz, the excitation pulse
was repeated at the slightly faster frequency, 50.05005 Hz
(period = 19.98 ms). The incremental time delay between
camera frame rate and mechanical excitation frequency was
registered in every camera frame such that the effective
frame rate of the system corresponded to 50.00 x 103
frames/second.

E. IMAGE AND SIGNAL PROCESSING

1) IMAGE PROCESSING

The local speckle change, or disturbance, due to shear wave
propagation was visualized after computing speckle correla-
tion. A unique speckle pattern in a 2D kernel was compared to
the one at the same location in later frame interval, returning
correlation values. 2D kernel size was 22 px x 11 px of which
twice larger size in the vertical direction parallel to the piezo
tip alignment was specified to better detect the up and down
movement of shear wave. The correlation computation for
2D kernel was conducted on a uniformly spaced grid over an
image, a node per 9 pixels, to decrease the computation time
down to 45 seconds per a single set of 600 speckle images
(Intel 17-4820K, parallel computing), hence, the pixel dimen-
sion of the correlation coefficient images was decreased
to 41 px x132 px (Fig. 3(a)). And to increase signal-to-
noise ratio by rejecting background low-frequency noise, the
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reference image of the speckle kernels kept a constant time
interval (i.e., 100 frames) from the processing image frame.
The set of correlation coefficient images then visualized shear
wave propagation as shown in Fig. 4(a). In Fig. 4(c), a spa-
tiotemporal plot from the correlation images by averaging in
the vertical direction and the actual location and the direction
of the shear wave were shown in Fig. 4(b). The slope of
the shear wave, the dotted arrow in Fig. 4(c), represents the
SWV (SWV =),

2) SIGNAL PROCESSING

Time to peak (TTP) cross-correlation method is the most
common approach with shear wave elasticity imaging [40].
We implemented the TTP method with multiple improve-
ments to suppress very strong noise in laser speckle images
from unevenly-accumulated laser scattering, sample inhomo-
geneity, viscoelasticity, and external vibrations. Shear wave
estimation was calculated between the excitation region and
detection region. The minimum distance between regions was
set to 22 px in the correlation map (equivalent to 200 px
in a raw speckle image) to avoid significant error resulting
from cross-correlation within a very short interval of time
and distance. The detection region was not selected within
a specific distance from the excitation area but chosen in
multiple locations with gradual distances from the excitation
to apply a linear fitting over the image. Fig. 3(a) shows
the diagram of the node grid. The main shear wave area,
the most decorrelated area, was zoomed in for further signal
processing. In Fig. 3(b), the signals along the wave propa-
gating direction were plotted; the deep troughs represented
the main shear wave and the time delays were shown at
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TABLE 1. Summary of SWV in the dimensional study: 6%(w/w) Gelatin and Chicken breast.

SWV +SD [m/s]
Fixation hours
Specimen Depth 0 1 2 3 4 5 9 10
1.5mm | 1.62+0.04 4.63+0.18 6.29+0.19 7.55+0.35 7.67+0.39 8.78+0.42 9.21+0.42  9.8110.46
6% Gelatin 4.5mm | 1.6240.04 2.14+0.03  3.03+0.09  4.25#0.19  5.75%0.28 6.09£0.34  6.43+0.17 6.77+0.08
7.5mm | 1.62+0.04 1.67+0.06  2.03+0.07  2.47+0.12  4.36%0.19 4.39+0.15  5.10+0.27 5.36%0.15
Chick 1.5mm | 5.50+0.17 8.94+0.31 10.32+0.28 9.59+#0.29 10.55%0.32 9.25+0.22 - -
Bre'gs‘:" 45mm | 550£0.17 7.00:025 8.1840.25 8.2740.37 10.6740.30  9.62£0.25 - -
7.5mm | 5.50+0.17 5.96%0.14  5.80+0.23  7.51+0.26  9.64+0.37  10.17+0.26 - -
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FIGURE 5. Change of shear wave in the dimensional study. The error bars represent the plus and minus of the standard deviation from the mean

SWV. (a) 6% gelatin phantom (b) chicken breast
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FIGURE 6. Change of shear wave in the 2mm biopsy study (Purple point and line). The error bars represent the plus and minus of the standard
deviation from the mean SWV. (a) 6% gelatin phantom (b) chicken breast. The SWVs of the outer area (1.5mm depth from the sample block

surface) in dimensional study are overlaid (Red point and line).

every 10™ node from the reference location. Instead of sim-
ply estimating TOF of wavefront of the peak, we used the
cross-correlation between reference and target signals so that
the signal distortion due to wave attenuation and dispersion
effects was partially compensated. The signals at nodes were
normalized and processed with a low-pass (<20kHz) and
high-pass (>100Hz) filters to reject other vibrations except
for excitation wave. The correlation process also made use of
a zero-phase crossing (ZPC) technique which overcomes the
limit of the discrete temporal resolution, which was a frame.
From the result of time delay and distance with the node grid,
a straight-line robust regression with the bisquare weighting
function determines the shear wave group velocity excluding
measurement errors or significant outliers.
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Ill. RESULTS

A. DIMENSIONAL STUDY

The spatiotemporal change of SWV in 6% gelatin phan-
tom and chicken breast under formalin fixation are pre-
sented in Table 1 and Fig. 5. The SWV prior to fixation
was measured once for all depths. During formalin fixa-
tion of gelatin phantom, the SWYV increases rapidly during
the first 3 hours at 1.5mm depth before the stiffening rate
slows down. The stiffening at 4.5mm and 7.5mm depths are
slower than the outer area, but they also become sluggish
after 4 hours of fixation. The SWV of chicken breast shows
similar stiffening behavior up to 3 hours fixation, however
the SWVs at all depths reach the equivalent level of the
plateau.
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B. 2MM BIOPSY TEMPORAL STUDY

Fig. 6 shows the change of the SWV over time in 2mm size
of 6% gelatin and chicken breast. The changes in SWV with
gelatin phantom shows the gradual increase up to 3 hours of
fixation, while the chicken breast specimen rapidly stiffens
within an hour and becomes stationary. A small drop, about
10%, is observed in the chicken breast case as it is also shown
in the dimensional study.

10F
oF
e E
7k
6 E
5
4 F
3 b
—

Gel.Biopsy Chic.Biopsy Human Liver Human Colon

Shearwave Velocity [m/s]

FIGURE 7. Prolonged-fixed human tissue measurements compared to
fixed 6% gelatin and chicken breast biopsies.

C. FIXED HUMAN TISSUE MEASUREMENTS
Prolonged-fixed (more than 3 months) human normal liver
and colon tissue were also observed in our setup. Fig. 7 dis-
plays the SWVs of 3-hour fixed 2mm gelatin and chicken
breast in addition to fixed human liver and colon. Human liver
and colon tissue yield 12.5 + 0.27 m/s and 9.6 = 0.53 m/s of
SWYV, respectively.

IV. DISCUSSION
The SWV changes of gelatin phantom and chicken breast
during formalin fixation were investigated using the LSI
system in this study. The specimen’s thicknesses ranged from
sub-millimeter using human tissue to two millimeters using
chicken breast and 1 to 4 mm using tissue-mimicking phan-
toms. The use of small specimen size is unlike other LSI stud-
ies [34], [41], [42], where the size of the tissue-mimicking
phantom ranged from 12 mm to 40 mm. In our LSI visible
light system, the image processing for SWV measurement
requires a minimum FOV of 150 um x 450 um (height x
length), which sets the minimal specimen thickness. Thus, all
CNBs and possibly even fragmented CNBs can be monitored
for fixation within a millifluidic channel of diameter 1-5 mm.
The SWV of 6% gelatin phantom is in good agreement
other gelatin studies; SWV at 2 4+ 0.5 m/s estimated by
Orescanin and Insana in 2010 [43] is within 22% error of
our results (averaged SWV of fresh gelatin), and the SWV
at 1.63 m/s reported by Manapuram et al., in 2012 [44] is
within 0.6% of our results. In addition, according to the
extensive literature review by Sarvazyan et al. in 2013 [33],
various shear wave velocities in human breadst, liver, kidney,
lung, and spleen are within a range of 0.85 m/s and 3.54 m/s,
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which fall into the SWV range of fresh or fixed 6% gelatin.
There is little stiffness information for fixed human tissues,
however, animal tissues (chicken breast, cartilage, and ten-
don, and porcine fat and liver) are known to be stiffened
approximately by 50-170 % [45], which are also within our
SWYV measurement range, 2-13 m/s.

Chemical fixation (covalent crosslinking) begins at the
exposed surfaces where the formalin is diffusing through.
However, the fixation levels inside the specimen were
varied by the different specimen structure; homogeneous
(6% gelatin) and heterogeneous (chicken breast). Fig. 8 shows
the graphical illustration of the fixation level comparison
between isotropic and anisotropic specimens, which is dis-
cussed in the following section.

(a)

(b)

FIGURE 8. lllustration of fixation progress in (a) an isotropic model for
6% gelatin and (b) an anisotropic model for chicken breast. Gradient
color represents the level of fixation and fixation time elapses from

t1 to t4. The heterogeneous divisions, such as delamination and cracks,
are displayed in (b), widening over time. For visual purpose, three
discrete annular regions for fixation level are depicted in the
cross-sectional area of CNBs.

In the dimensional study of the gelatin phantom (Fig. 5(a)
and Fig. 8(a)), the fixation rates which is the slopes of SWV
increases were differentiated at each depth as the supply of
formalin was controlled by the fixation process. As the outer
area contacted with sufficient formalin is stiffened rapidly
and acts as a barrier to subsequent inward formalin diffu-
sion [46]. The fixation process in the inner core of the sam-
ple is then gradually restricted by the formaldehyde supply.
Therefore, the SWV plateau of inner sides was reached at dif-
ferent values from the outside. Because the long-term fixation
of gelatin phantom with a small portion (about 0.4% of forma-
lin mass fraction) showed that the stiffness of the gelatin took
about 100 days to reach its equilibrium [37], it is not yet clear
whether the 6% gelatin block becomes more stiffened after
this sufficient exposure to formalin. However, the smooth
slope change of SWV up to its plateau was demonstrated
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and any significant hardening was not shown after 10 hours.
It should be also noted that the similar trend, being plateaued
after constant increments, of clinical Q score of estrogen
receptor over the mean fixation times for human breast CNB
was presented in Goldstein et al. study [10]. Chicken breast
in Fig. 5(b), however, exhibited the dissimilar behavior that
SWVs at three different depths reached the similar value
(9.47 £ 0.97 m/s) after 4 hours formalin fixation. Although
it is difficult to interpret too much from these preliminary
results, the structural anisotropy in chicken breast muscle
tissue likely facilitates the inward formalin diffusion, result-
ing in more rapid and spatially uniform SWYV, see Fig. 8(b).
The structure of fresh chicken breast looked heterogeneously
stratified but dense and well-bonded, however, those layers
become loosened as formalin is introduced after about an
hour. For that reason, the delaminated chicken breast layers
appear to allow formalin to flow inside the tissue resulting in
the uniformly fixed condition at t4 (Fig. 8(b)). These obser-
vations may also explain the small (< 10%) SWV fluctuation
once the SWV was plateaued, which was not shown in the
gelatin measurements.

The results from the temporal study with 2mm-biopsy
sized specimens in Fig. 6 (purple lines) also showed graphical
correspondence to the results of the outer surface of the
large block in Fig. 5, which is overlaid in Fig. 6 (red lines).
Although the gelatin phantoms correspond very well between
two measurements, the chicken breast shows a large dis-
crepancy (2.2 times faster rate increase of SWV in 2mm
biopsy) during the first hour of fixation. However, this could
be explained by the structure of chicken breast as explained
above. In addition, although the cautious handling with a
fresh razor blade or sharp scalpel was necessary to avoid the
coarse roughness or torn-like surfaces of raw tissue speci-
mens, the preparation of the 2mm-sized raw chicken breast
specimen was challenging which causes damage on the small
sample, while preparing the larger fresh tissue block required
much less effort, causing less damage.

In the human fixed tissue measurement (Fig. 7), fully-
fixed human liver and colon samples were measured with
our apparatus. The fixed liver specimen showed the strong
scattering at 532nm laser wavelength. So, the thickness for
measurements was adjusted down to 0.5 mm until the current
apparatus was able to acquire useful speckle pattern images
(SNR > 2.6, in speckle correlation images). In contrast,
the colon specimen in 2mm thickness was measured at the
similar scattering of our 6% gelatin with TiO?. Although
relative fixation level was not measured, these pilot data
suggest the feasibility of our shear wave LSI setup for human
organ tissues.

It should be noted that the SWV measurement offers
a quantitative evaluation of specimen’s mechanical prop-
erty, in which SWV is proportional to the square root of
shear modulus (or elastic modulus) assuming a linear elastic
behavior and small deformations. Although soft tissue is
generally viscoelastic, this assumption is broadly accepted
in the elastography fields [47] for short response time at
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small displacements. Because of its simple and straightfor-
ward unit conversion, our results are presented with SWV
in [m/s] instead of shear or elastic modulus in [kPa].

Throughout this report, we simply employ the group veloc-
ity of shear wave propagation, while the actual mechanical
wave in a thin specimen undergoes multiple wave modes
(Lamb or Rayleigh waves) based on the boundary condi-
tions and the geometry of the medium. In the recent study
using OCT with an acoustic tapping technique [48], the shear
wave generated in thin tissue such as cornea showed multiple
Lamb modes and was significantly influenced by various
factors such as the frequency range, excitation conditions,
and the ratio of the layer thickness to wavelength of the
propagating wave. However, the evaluation of fixation using
SWV changes does not focus on the comparison between
other tissue types or processing conditions, hence, we only
consider the change of group velocity of shear wave, which
provides enough information of the temporal and relative
change of fixation level on each specimen. For the same rea-
son, other parallel studies using the standard measurements
for hardness such as durometer, or Young’s modulus from
uniaxial tensile testing are not necessary for the goals of this
study.

The SW-LSI measurement is vulnerable to noise from
environmental factors such as room temperature and light as
well as external vibrations. The room temperature was kept at
22 °C and checked in advance of the experiments. The elec-
tronic equipment and optical breadboard were mechanically
isolated independently with Sorbothane (Sorbothane, Inc.,
Kent, OH), and the piezoelectric actuator and millifluidic
chamber were also padded with Sorbothane. Thus, the noise
level in the correlation images was suppressed to less than 5%
regardless of shear wave excitation. In addition, the camera
exposure time (50us) was short enough to not be sensitive to
changes in ambient lighting.

Our measurements with gelatin phantom and chicken
breast showed good repeatability that all standard deviations
(SDs) were less than 10% of the measured SWYV. That error
variance in mechanical property among the fresh gelatin
phantoms was presumably attributed to the phantom fabrica-
tion in each individual experiment, while the heterogeneous
structures (such as fat, connective tissue, and stratified layers)
of the fresh chicken breast was believed to contribute to the
measurement variability.

The systemic restriction of this study is the limited per-
formance level of the experimental equipment that was bor-
rowed from previous studies. A camera sensor with a faster
frame rate and shorter exposure time than the current set-
ting (50Hz and 50us, respectively) may improve the sen-
sitivity on laser speckle pattern changes. A stabilized laser
source at near-infrared wavelength was unavailable, but,
would be expected to avoid larger optical absorption of
hemoglobin [49] and demonstrate significantly better pene-
tration in tissues [50], [51].

Another limitation of our systems is that the shear wave
was induced by physical contact with a piezo actuator.
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This simple system was chosen because the local shear wave
could be efficiently generated, and the SWV measurement
could be achieved while the biospecimen was submerged in
formalin. In the future, a remotely induced shear wave by an
ultrasonic transducer [35] can be applied to develop a closed
channel monitoring system which is superior in reducing
manual handling requirements and allows full automation
with lower risk of contamination.

Clinical Impact:

Rapid and optimal tissue fixation has been of great inter-
est in pathology and there have been numerous attempts in
clinical studies as described in the introduction. Unfortu-
nately, formalin fixation is still not well understood or con-
trolled to the optimal fixation level in terms of results
from further tissue processing protocols; staining, section-
ing, and diagnosis [27], [52], [53]. For example, in breast
cancer, the ASCO/CAP Task Force recommends more than
6 hours fixation for breast cancer biomarkers, ER, PgR, and
HER?2 [4]. On the other hand, the recent clinical studies, with
the goal of speeding up the pathology and hence breast cancer
diagnosis, investigated the potential of rapid CNB fixation
regarding the sensitivity of essential biomarkers. Sujoy et al.
in 2014 [7] reported that no negative effect on ER-IHC with
only 30 minutes fixation. And in 2017, Halilovic et al. [8]
presented good agreement of ER, E-cadherin IHC, and HER2
fluorescence in situ hybridization (FISH) between 60-90 min-
utes fixation with CNB and a traditionally fixed resection.
Those breast cancer clinical guidelines and studies indicate
that there is a large gap between the acceptable fixation level
in some pathology labs (as short as 30 minutes) and the
recommended guideline. In other biomarkers tissue studies,
consensus is not achieved; thus, generally described with a
broad spectrum of fixation times, (e.g., 6 to 48 hours for lung
cancer diagnosis [54] and 8 to 72 hours for multiplexed QD
ISH assay of ERG and PTEN in prostate cancer [5]). Hence,
the significant advantage of our proposed approach of real-
time monitoring of fixation level may be supplemented within
the streamlined protocols of tissue preparation to investigate
the gray area of optimized fixation time, from 0.5 to 6 hours
of sample immersion in NBF. Meanwhile, this fixation moni-
toring system can also offer significant improvement in qual-
ity assurance for current histopathology lab environments in
which programmed overnight tissue batch processing with
an automated tissue processor is common. For example, one
sample of hundreds of tissue cassettes can be extracted from
the tissue processor to confirm an optimal fixation level or a
small set of CNBs in channels can be monitored during
formalin fixation. In addition, our system is also adaptable to
the use of a wide range of fixation chemicals from NBF to
alcohol mixtures. Although characterizing optimal fixation
levels based on the various types, sizes, and heterogeneous
nature of tissue in addition to IHC staining methods requires
more extensive clinical studies, it is believed that the shear
wave LSI system can provide important tissue fixation infor-
mation for pathologists without making compromises in their
clinical timelines and protocols.
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V. CONCLUSION

We demonstrated the feasibility of the LSI system to mea-
sure the change of SWV due to formalin fixation in gelatin
phantom and chicken breast. To our best knowledge, the LSI
system for SWV measurement in biological tissue, which is
strongly scattering and even more during fixation, has not
been reported. Furthermore, this is the first reported use of
LSI for quantitative monitoring the formalin fixation process,
which is a highly sensitive and relatively low-cost optical con-
figuration without experimental complexity of other imaging
modalities, such as ultrasound, OCT and MRI. The potential
clinical importance of our system is efficiently and repro-
ducibly controlling the gray area of formalin fixation (from
the initial 0.5 to 6 hours of tissue immersion) which lays the
framework for point-of-care histopathological evaluation in
addition to omics biomarker analyses.
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