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Abstract— The histopathological diagnosis of cancer is the
current gold standard to differentiate normal from cancerous
tissues. We propose a portable platform prototype to characterize
the tissue’s thermal and optical properties, and their inter-
dependencies to potentially aid the pathologist in making an
informed decision. The measurements were performed on samples
from 10 samples from 5 subjects, where the cancerous and
adjacent normal were extracted from the same patient. It was
observed that thermal conductivity (k) and reduced-scattering-
coefficient (u’s) for both the cancerous and normal tissues reduced
with the rise in tissue temperature. Comparing cancerous and
adjacent normal tissue, the difference in k and p’s (at 940nm) were
statistically significant (p=7.94e-3), while combining k and p’s
achieved the highest statistical significance (6.74e-4). These
preliminary results promise and support testing on a large number
of samples for rapidly differentiating cancerous from adjacent
normal tissues.

Index Terms— breast cancer, tissue diagnosis, portable system,
Thermo-optic, Near-infrared, inverse optimization, thermal
conductivity, reduced scattering coefficient.

I. INTRODUCTION

REAST cancer was responsible for 700,000 premature
deaths worldwide in 2020 [1]. Current methods of
diagnosis of breast cancer involve histopathological
examination of the tissue. For this, the tissue needs to be first
formalin-fixed, processed, and embedded in paraffin. Further
processing involves using glass slides on which micrometer-
thin tissue slices are mounted, stained using hematoxylin and
eosin, and examined under the microscope by an experienced
histopathology consultant doctor [2]. However, there is a
critical need for a supplementary technique to perform a
preliminary analysis of the ex-vivo biopsy sample in the
operating room and provide immediate feedback over the
adequacy of tumour resection. These additional techniques can
potentially provide additional tissue attributes to support and
aid the pathologist in making an informed decision.
Portable, low-cost systems have been proposed to provide
cancer diagnostics in low-resource settings. Such techniques

Uttam M. Pal and Anil Vishnu GK are with Department of Electronic
Systems Engineering, the Indian Institute of Science, Bengaluru 560012, India.

Anil Vishnu GK is also with Center for BioSystems Science and
Engineering, Indian Institute of Science.

Manoj Varma is with Centre for Nano Science and Engineering, Indian
Institute of Science

use different tissue properties to characterize various
physiological conditions of the tissue under investigation.
Micro-electromechanical system (MEMS) based devices have
been proposed which characterize the thermal, mechanical, and
electrical properties of the paraffin-embedded tissues [3]-[6].
However, MEMS-based probes are costly, and hence there is a
critical need to develop an affordable tool to harness the bulk
tissue properties.

The infrared thermography has been promising technique to
detect breast cancer [7]-[11]. Bezerra et al. [8], [9] used a
numerical method to solve an inverse problem to estimate the
thermal properties on a numerical breast model. Figueiredo et
al. [10] solved the inverse heat transfer numerical model and
validated it using a silicone phantom tissue to localize the
tumour regions. However, further studies to validate the
thermal results on actual human breast tissues are required.
With the advent of plug-in infrared (IR) cameras with the
smartphone, instantaneous acquisition and data analysis of
thermal images for biomedical applications have meant that if
this approach is reliable, it could greatly aid quick diagnosis
with a system that can be widely deployed worldwide,
including low and middle income communities (LMIC) [12],
[13].

Additionally, optical properties such as reduced scattering
coefficient and absorption coefficient have also been explored
for breast cancer diagnosis [14]-[18]. Pal et al. [14] and
Spreinat et al. [18] proposed multispectral near-infrared
techniques to diagnose breast and skin cancer, respectively.
Jacques et al. [16] review the optical properties for different
types of tissue. Depciuch et al. [17], [19] and Fernandez et al.
[20] use commercial tools to quantify the optical properties of
the paraffinized tissue using; however, such commercial tools
are not designed to measure small tissue samples. Moreover,
further studies need to be performed on the correlation between
the thermal state of the tissue and the optical properties of the
tissue.

There have been studies to quantify the temperature-dependent
bulk optical properties using modified double integrating
spheres [21]-[23]. Dressler et al. [21] performed the
measurement on colon adenocarcinoma and breast
adenocarcinoma tissue samples using sophisticated commercial
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Fig. 1: Schematic representation of the histopathology test and the proposed assessment using thermo-optic properties of tissue. Experimental setup to
measure the top surface temperature of sample tissue: a) Breast excisional surgery, b) Excised breast tissue with cancerous and adjacent normal, c)
Uniform tissue core from the excised tissue using punch biopsy, d) Pathologist investigating the Hematoxylin and Eosin (H&E) stain slides, €)
Histopathology image for cancer and normal tissue. Schematic of the experimental setup to measure, (f) thermal properties, and (g) Thermo-optic
properties of the tissue sample. Panels h) and i) show the results of this study: h) Thermal conductivity and i) reduced scattering coefficient results.

instrumentations. Kara et al. [22] measured on a tissue phantom
comprising of lipid emulsion with the tissue heated using Peltier
units (i.e. hot plate). The instantaneous temperature monitoring
was performed using CMOS sensors. Kim et al. [23] measured
using porcine skin through heating a closed box using a heating
gun, while using a thermocouple to monitor the temperature.
However, more studies need to be performed for breast cancer
diagnosis.

We proposed a heat source located within a cost-effective
double integrating sphere and a non-contact temperature
monitoring system to increase the product lifespan. Further
studies were performed to quantify the temperature dependent
optical properties and to define the cutoffs for the pathological
human breast tissues.

This study reports the design and development of portable,
affordable, and non-ionizing based mid-infrared thermal
imaging and NIR (near-infrared) spectroscopy techniques to
accurately delineate cancerous tissues from adjacent normal by
characterizing the thermo-optic properties and their inter-
dependencies.

1. DESIGN AND METHODOLOGY

This section describes the sample preparation and experimental
setup to estimate the thermal conductivity and specific heat
capacity using infrared imaging. We then discuss the modified

double integrating spheres experimental setup to evaluate the
temperature-dependent bulk optical properties.

A. Sample Preparation

As shown in Fig. la-b, the suspected cancerous lesions along
with the adjacent normal tissues are removed by the surgeon
during the breast excision surgery. These excised tissues are
then fixed with 10% buffered formalin solution by the
oncopathologist for further processing and routine examination.
The samples required for performing the study were then
extracted from these formalin-fixed excised specimens by the
consultant oncopathologist using a core biopsy needle to get
uniform biopsy tissue samples (diameter of 5 mm and thickness
of 2 mm) as shown in Fig. 1c. The biopsy tissue samples were
identified as cancerous or adjacent normal by the
oncopathologist using the immunohistopathology tests through
hematoxylin and eosin staining, as shown in Fig. 1le. The biopsy
tissues were collected from N = 5 subjects (n = 5 are Invasive
Ductal Carcinoma (IDC), and n =5 are adjacent normal). The
standard deviation of the tissue thickness and diameter are
+0.063 mm and +0.032 mm, respectively. The samples were
then stored in buffered formalin in 1.5 mL tubes for
measurements. Even though formalin-fixed, the samples are
reported to preserve the main tissue constituents such as lipids
and collagen [24], [25]. All the studies were performed in
accordance with the institutional ethics committee of Assam
Medical College and the Indian Institute of Science with the



ethical clearance certificate number AM/EC/1333 and 17-
14012020, respectively.
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Fig. 2: Experimental setup to measure the thermal and thermo-optic properties of the tissue. a) Experimental setup to measure the thermal properties
of the breast tissue. b) Side view and c) Top view of the microheater. d) Experimental setup of the modified double integrating sphere to study the
temperature effect on the optical properties of tissues, €) Bottom view showcasing the detectors, baffle, and thermopile sensor, f) Side view showcasing
the source LED operating at 940 nm, sample tissue, and microheater, g) Zoom top view of the microheater along with the sample tissue. h) SEM image
of the microheater along with i) Zoom view of the microheater with dimension.

B. Microheater Fabrication

The microheater was fabricated on a silicon substrate as a
microchip using a single mask process. Platinum was used as
the material to create the microheater. The microchip consists
of the microheater and a pair of electrodes for characterizing the
electrical properties of the platinum film that was deposited. A
standard 4-inch silicon wafer was first oxidized to create 1 um
thick oxide layer. MICROPOSIT S1813 Photoresist was spin-
coated on the oxidized wafer and patterned through
photolithography using MJB4 mask aligner system. The
patterning is performed using a photomask that has the
microheater's design, and characterization electrodes patterned
on it. After development and hard baking, titanium/platinum of
thickness 25 nm/190 nm was deposited on the oxidized silicon
wafer using Tecport E-beam evaporator. A lift-off process
using acetone and isopropanol (IPA) patterns the deposited
Ti/Pt layer to create the wafer's microheater structure. The
individual microchips that contain the microheaters and
characterization electrodes are then diced and separated from
the 4-inch wafer using an automatic dicing machine as shown
in Fig. 2h-i.

C. Experimental Setup to Estimate the Thermal Properties of
the Breast Tissue

The schematic of the placement of the tissue samples on the
microheater assembly as shown in the Fig. 1f. The experimental
setup is shown in Fig. 2a-c. The infrared camera (Seek Thermal
Compact Pro), which includes an array of thermopile sensors
was placed above the microheater assembly. The infrared

320 x 240 pixels with a 32° field of view and measures infrared
spectrum from 7.5 um to 14 um, while drawing a minimal 280
mW of power from the smartphone. The IR camera was placed
10 cm above the microheater assembly from the sample tissue
as mentioned in the specification sheet of the camera, while the
zoom feature of IR camera was used to improve the resolution
of the image. The white cross marker feature in the smartphone
app was aligned over the center of the tissue to measure the
temperature of the tissue.

The microheater locally heats the tissue samples from the
bottom surface, while the thermal image from the top surface is
captured using the infrared camera. The microheater is designed
in a way such that the tissue heating is uniform within the area
covered by the heating element. The microheater is made to
have a full contact with the tissue's bottom surface to ensure
appropriate heat conduction leading to uniform heating
throughout the tissue samples as shown in Fig. 2 b-c. The
resistance of the platinum microheater at zero heating was
measured to be 121£3 Q.

Once the microheater's temperature was calibrated, the
voltage was applied across the microheater, and the top surface
temperature was measured using the IR camera. The input
voltage was parametrically swept from 0 V to 8 V with a step
of 0.5 V, with each voltage applied for 2 mins to stabilize the
temperature (30°C to 50°C) within the sample tissue. The
microheater temperature was calibrated with respect to the
applied voltage, as shown in Fig. 3a, along with the error. The
tissue top surface temperature and the error band representing
the standard deviation with respect to the applied bottom



surface temperature are shown in Fig. 3b. As the standard
deviation of the sample tissue thickness is £0.063 mm, errors
due to the difference in the tissue's thermal behavior as a
function of the difference in thickness performed using FEM
tool were found to be negligible (~0.4%) and hence neglected.
All the measurements were performed in the class 10000
cleanroom lab with a controlled ambient temperature of 25 £1
°C

It can be observed that raw infrared images can directly
differentiate the cancerous from adjacent normal breast biopsy
tissue. However, the absolute values of bulk thermal properties
(thermal conductivity and specific heat capacity), and bulk
optical properties (reduced scattering coefficient and absorption
coefficient) are well documented and referenced for the
cancerous and normal tissues [16], [26], [27]. Hence the
quantification of the bulk thermal and optical properties adds
more value to the information available with the pathologist to
differentiate cancerous tissue from adjacent normal as
described in the next section.

D. Thermal Properties of the Tissue and Inverse
Optimization Problem

The heat transmission through the tissue sample can be
expressed using the Poisson’s equation assuming the steady-
state conditions [28], [29].

Q = kV2T 1)

where k is the thermal conductivity (W/m.K), Q is the amount
of heat supplied (W/m3), and T is the temperature. In the case
of transient conditions, the time-dependent temperature can be
defined using the heat equations[28], [29].

aT ([ k vr )
at p.C, )

where C, is the specific heat capacity (J/Kg.K) and p is the
density (Kg/m®).

The cylindrical tissue samples placed above the microheater
were assumed to undergo uniform heating. Under such an
assumption, the thermal conductivity and specific heat capacity
can be analytically evaluated with the time-dependent top and
bottom surface temperature of tissues.

_ (.
= (AATS> @)
Q = mC,AT; (4)

where Q is the quantity of heat transferred, d is the thickness of
the tissue, A is the cross-sectional area, ATs = Tporrom — Trop:
where the Thoeeom and Ty, is the bottom and top surface
temperature respectively. For the specific heat capacity (Cp), m
is the mass of the tissue and AT is the change in temperature at
the top surface of the tissue with respect to a specified time step.
However, the analytic expression does not account for the
convective heat flux for the adjacent surfaces of the sample
tissues. Hence, the inverse optimization problem was solved
using the heat transfer numerical model (FEM) using COMSOL
Multiphysics to estimate the values of thermal conductivity and
specific heat [30]. It can be observed from Eqn. 3 that the value
of thermal conductivity can be estimated following steady-state
values of tissue temperature, while the estimation of specific
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Fig. 3: a) The calibrated temperature with respect to applied voltage,
b) Temperature at the top surface of the tissue with respect to the
calibrated bottom surface temperature, and c) The inverse
optimization algorithm used to estimate the thermal properties of the
breast tissue samples.

heat capacity requires the transient value of tissue temperature.
The inherent nature of the analysis (stationary and transient) can
be utilized to setup two different types of optimization
problems. A stationary optimization problem can be set to
quantify the temperature-dependent thermal conductivity.
While the transient optimization could be setup to estimate the
averaged thermal conductivity and specific heat capacity, as
shown in the Fig. 3c.

The inverse optimization algorithm involves taking the
infrared image. A white cross marker aligned at the center of
the tissue is used to measure the top surface temperature of the
tissue. Two set of inverse optimizations were performed to
quantify the thermal properties. The first steady-state inverse
problem was solved to quantify the temperature-dependent
thermal conductivity by minimizing the steady-state objective
function as shown in Eqgn. 5. The first objective function took
account of the steady-state experimental temperature (T _e) and
computed temperature (T_c) using the FEM model. The FEM
model for the first inverse problem involves setting up a
cylindrical geometry of 5 mm diameter and 2mm thickness. The
temperature boundary condition was applied at the bottom of
the cylinder, and the temperature was swept from 30 °C to 50
°C. The stationary study, along with the optimization, was
solved to minimize the objective function till the averaged top
surface temperature matches the experimental value. The
optimization problem hence estimates for thermal conductivity
as a function of applied temperature.

The second inverse problem minimized the transient
objective function to quantify the average thermal conductivity
(k) and specific heat capacity (Cp) as shown in Eqgn. 6. This
inverse problem involved defining a time-dependent objective
function that integrates the square of the difference between the
time-dependent experimental temperature (T_e (t)) and time-
dependent computed temperature ((T_c (t)) using the FEM
model. The upper and lower bound for k was used as 0.1 W/m.K
and 0.6 W/m.K, while for C, as 3400 J/Kg.K and 3800 J/Kg.K
respectively. The values of the upper and lower bounds were



assumed based on the literature survey [31], [32]. In both the
cases, the Nelder-Mead optimization algorithm was used to
minimize the objective function.

N . _ (Te-Tc\?
Obijective function (Steady state) = (T—) (5)

B 2
Objective function (Transient) = | OT (%) (6)

subject to

k: <k < kY

Cpt < Cp < CpY

where kb, kY and Cp*, CpV are the lower and upper bounds of
the control parameter k and Cp, respectively.

E. Experimental Setup to Measure the Temperature
dependent Bulk Optical Properties

The double integrating sphere was modified to include the
microheater and a single thermopile sensor to study the
temperature effect on the bulk optical properties such as
reduced scattering coefficient and absorption coefficient using
near-infrared spectroscopy. The double integrating sphere's
inner surface was coated with Barium Sulphate to have a very
high reflectance (~ 98%). The OFL-5102 LED from Multicomp
with a peak operating wavelength of 940 nm was used to
perform the NIR spectroscopy measurements. The operating
wavelength of 940 nm was selected because the optical reduced
scattering coefficient at 940 nm could significantly distinguish
between cancer and normal tissues in our earlier work [14]. The
narrow beamwidth (~10°) of the LED along with the Fresnel
lens focused the light at the center of the tissue sample. The
double integrating sphere's baffle restricted the direct light
scattered from the tissue sample towards the optical detector.
The silicon-based OPT101 from Texas Instrument was used to
quantify the back-scattered and forward-scattered light. The
OPT101 with silicon photodiode detector along with on-chip
transimpedance amplifier adds the ease-of-use and robustness
for the long run of the instrumentation. The detector had a wide
range of sensitivity spread over the visible and near-infrared
spectrum. More than 50% sensitivity was observed between
550 nm and 1000 nm, while at the operating wavelength of 940
nm, the detector was 85% sensitive.

The schematic of the instrumentation involving the double
integrating sphere is shown in Fig. 1g. The double integrating
sphere was designed and developed by performing a horizontal
incision on two spherical rubber balls, as shown in Fig. 2d-g.
The overall dimension of the double integrating sphere setup
was measured as 135 mm x 75 mm. The LED was placed at the
center of the first integrating sphere to focus the light at the
center of the tissue. Further incisions were made to incorporate
the microheater at the bottom conjunction of the two-
integrating sphere, as shown in Fig. 2e-f. Another incision was
made to adjust the thermopile sensor at the top conjunction of
the two-integrating sphere, as shown in Fig. 2e. The thermopile
is a point infrared sensor ZTP-135SR from Amphenol
Advanced Sensors and was used to measure the tissue
temperature that was locally heated using the microheater
beneath, as shown in Fig. 2 f-g. The overall dimension of the
microchip integrating a microheater was 7 mm x 12 mm, while
the diameter of the active area of the microheater was 340 um.

TABLE |
THERMO-OPTIC SYSTEM SPECIFICATION
Requirements Specification

Power supply 230 V (50 Hz)
Thermal operation Quasi-Stationary
Thermal source Microheater (12143 Q)
Thermal detector Seek Thermal Compact Pro and
ZTP-135SR thermopile sensor
Continuous wave (CW)
940 nm
Narrow beamwidth and narrow
bandwidth LED
Si PD with integrated amplifier

Optical operation
Operating wavelength
Optical source

Optical detector

(OPT101)
Portable Yes
Tissue sample dimension | 5 mm diameter and 2 mm thickness
Tissue type Formalin-Fixed tissue samples
Approximate cost of the | $500
prototype

The feature size of the platinum microheater is 3um, as shown
in Fig. 2i. The infrared sensor was selected to have a low field
of view (~80°) to locally measure the surface temperature of the
tissue. The output voltage from the ZTP-135SR with respect to
the incident temperature was first calibrated before embedding
inside the double integrating sphere. The sample tissue in this
configuration was arranged in a standing position (longitudinal)
over the microheater to enable transverse incidence of the light
beam at the center of the tissue.

The diffused reflectance (Mg) and transmittance (Mr) were
measured using the detector #1 and detector #2 respectively as
shown in the Eqn. 7 and 8.

R(r,r,t, t) — R(0,0,0,0)
R™R(r,r,0,0) —R(0,0,0,0)
T(r,r,t,t) —T(0,0,0,0)
r=7 ®)
(0,0,1,1) — T7(0,0,0,0)
where R(r,r,tt) and T(r,rtt) are the measured voltage by
detector #1 and detector #2 respectively, as shown in Fig. 2e
when the source is switched ON. R(0,0,0,0) is the measured
voltage by detector #1 when the sample at the exit port of the
first integrating sphere is removed. R(r,r,0,0) is the measured
voltage by detector #1 when a reflectance standard (BaSOa) is
placed at the exit port of the first integrating sphere. T(0,0,1,1)
is the measured voltage by detector #2 when the sample is
removed from the double integrating sphere. T(0,0,0,0) is the
measured voltage by detector #2 when the source LED was
switched OFF.

()

The Inverse Adding-Doubling (IAD) code which performs a
Monte Carlo (MC) simulation to model the diffused nature of
photons, was used to quantify the bulk optical properties from
the measured Mg and M+ [33]. The IAD code required different
parameters of the double integrating sphere, such as sphere
diameter, percentage reflectance of the inner coating material
(~98%), number of spheres, the thickness of the sample, and the
illumination beam diameter as input parameters. The full
specification of the prototype system is summarized in Table I.



I1l. RESULTS AND DISCUSSIONS

The thermal and optical measurements were performed for
three times for each sample, and the mean results with standard
deviation are reported.

A. Thermal Properties of the Breast Tissue Samples

Solving the first steady-state inverse optimization problem
gives the estimation of the temperature dependent thermal
conductivity as shown in Fig. 4a. The normal tissues are
observed to have higher thermal conductivity as compared to
the cancerous tissues. It is also observed that the thermal
conductivity for both the cancerous and the adjacent normal
tissues tends to increase with the rise of applied temperature.
The difference in thermal conductivity for the cancerous and
adjacent normal tissues is statistically significant (p=0.00794).
The non-parametric Mann Whitney U test was performed to
calculate the statistical significance.

The second optimization problem solved time dependent
objective function for the average thermal conductivity and
specific heat capacity. The average thermal conductivity for the
cancerous and normal tissues are reported as 0.0354 (+0.0063)
W/m.K and 0.0524 (+0.0042) W/m.K, respectively. Moreover,
the average specific heat capacity for the cancerous and normal
tissues are reported as 3618.26 (+31.89) J/Kg.K and 3584.76
(x32.44) J/IKg.K respectively. The transfer of heat energy from
the bottom surface to the top surface of the tissue is observed to
be quicker in the case of normal compared to cancerous tissue,
which can be deduced from the reported higher thermal
conductivity for adjacent normal tissue compared to cancer.
The difference in the average thermal conductivity between the
cancerous tissue and adjacent normal is reported to be
statistically significant (p=0.00794). Even though the average
specific heat capacity of the cancer tissue is reported to be
higher than normal tissues, it is not statistically significant
(p=0.1507). The cutoff for thermal conductivity was observed
as 0.45 W/m.K. The measured thermal conductivity and
specific heat capacity for each of the tissue samples are reported
in Table II.

B. Temperature dependent Bulk Optical Properties of the
Breast Tissue Samples

The reduced scattering coefficient (u's) at the operating
wavelength of 940 nm is observed to be significantly higher in
cancerous tissues as compared to normal tissues, a basis for
delineation. As the temperature of the tissues is increased from
23 °C to 42 °C, a slight decrease in p'sis observed for both the
cancerous and normal tissues as shown in Fig. 5. The cut-off is
also observed to reduce with the rise in tissue temperature with
the value of 3.5 1/cm at 37.5 °C. Using the curve-fitting, the
relation between the " sand the operating temperature (T) at the
operating wavelength of 940 nm can be evaluated with a
quadratic function as shown in Eq. 9 and 10.

Wee = —(1.9x 1074)T2 + (89 x 10~H)T

+ 047 ®)
Wee = —(5x1075)T2 + (8.7 X 10~4)T
” + 0.24 (10)

where u'sc and u'sn are the reduced scattering coefficient for
cancerous and normal tissues, respectively. It is also observed
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Fig. 4: a) Thermal conductivity of the normal and cancerous formalin-
fixed tissues as a function of tissue’s bottom surface temperature.
Comparison of the computed b) Averaged thermal conductivity (k) and
c) Averaged specific heat capacity (Cp) for the normal and cancerous
formalin-fixed tissues by performing the multi-parameter transient
inverse optimization.
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that the w1 sc reduces with higher slope values as compared to
1 sn, especially within the region of interest (ROI) between 36
°C and 38.5 °C, an additional basis for delineation. The slope
can be of interest specifically if the overlapping values of s
are observed for both the normal and cancerous tissues, as seen



TABLE Il
BULK THERMAL AND OPTICAL PROPERTIES FOR FORMALIN-FIXED TISSUES

SN k (W/m.K) Cp (J/IKg.K) s (Liem)
@ 940 nm and 37.5°C
N C N C N C
1 0.057 0.040 3548 3572.3 1419 5.339
2 0.057 0.026 3553 3607 0.2684 5.334
3 0.048 0.033 3621.4 3619.1 3.265 7.25
4 0.05 0.034 3600 3635.5 2.799 5.248
5 0.049 0.042 3601.4 3657.4 2.403 3.878
Avg. 0.052 0.035 3584.76  3618.26  2.03088 5.4098
STD 0.0042 0.0063 32.44 31.89 1.19 1.20
where,

k — Thermal conductivity (W/m.K)

C, — Specific heat capacity (J/Kg.K)

1 ’s— Optical reduced scattering coefficient (1/cm) at 37.5 °C
N — Normal and C — Cancer.

TABLE Il
STATISTICAL ANALYSIS FOR DIFFERENT EVALUATED PARAMETERS
Parameters p-value  Significance
k 7.94e-3 **
Cp 1.507e-1 ns
Ms 7.94e-3 *x
k and Cp 9.25e-3 el
k and p’s 6.74e-4 faleld
K, Cp, and p’s  7.55e-4 falalel

in Fig 5. The difference in reduced scattering coefficient
between the cancerous and adjacent normal tissues within the
region of interest (ROI) are statistically significant
(p=0.00794). The absorption coefficient (ua) at 37.5 °C for the
cancerous and adjacent normal tissues are reported as 1.81
(£1.37) 1/cm and 1.12 (x1.16) 1/cm respectively, but not
statistically significant (p=0.420). The reduced optical
scattering coefficient for each of the tissue sample is reported
in Table II.

C. Discussion on the Combined Thermo-optic Results

Differentiating the normal and cancer tissue based on only
specific heat capacity is observed to be statistically insignificant
(p = 0.1507). However, when the results form specific heat
capacity is combined with the thermal conductivity, the result
is statistically significant (p = 0.00925). The Fisher’s combined
probability test is used to perform a combined p-value over the
independent tests. When the outcomes from thermal
conductivity and reduced optical scattering are combined, the
results are distinctly statistically significant (p = 0.000674).
When all the three parameters (k, Cp, and p’s) are combined,
the result is statistically significant (p = 0.000755). The p-value
for each of the individual and the combined tests are tabulated
in Table I1I.

D. Discussion on the Physiology of the Cancer and Normal
Tissues

The reason behind the lower k value in cancerous tissue
compared to normal tissues could possibly be the increase in
collagen (structural protein) in cancer cells which have thermal
conductivity between 0.2 and 0.3 W/m.K [34]. Even though the
tissue is formalin-fixed, the tissue still preserves the tissue
constituents such as lipids and collagen [24], [25]. Higher
specific heat capacity has been reported in cancerous compared
to normal tissues [32], [35], the possible reason being higher
lipid content in normal compared to cancer, because the lipids
(structurally fats) has lower specific heat.

Higher scattering is observed in cancerous tissues due to
multiple gradients and discontinuities of refractive index
observed as the light propagates through the tissue. This
behavior is because of the presence of high fibrous content in
cancerous tissue [36], [37]. Additionally, with the rise of tissue
temperature, the tissue volume increases, reducing the density
of scatters within the tissue. This results in the dip of the
reduced scattering coefficient for both the normal and cancer
tissues as the temperature increases [22], [23].

E. Limitations of the Current Study and Future Work

The fresh tissues were formalin-fixed before performing the
thermal and optical measurements, which may deprive it of the
original tissue properties. In this proof-of-principle study, the
number of samples was small, and the measurements were
carried out on tissues from just five subjects. Yet, the technique
appears to yield a high level of accuracy in discerning cancer
from normal tissues, particularly by combining two physical
properties. The accuracy of the test needs to be validated on a
larger number of samples. This will help us arrive at sensitivity
and specificity values for the proposed dual modality.

In the future work, we envisage the study of bulk optical and
thermal properties parameters at the interface of normal and
cancerous tissue and perform further experiments on extensive
numbers of fresh breast tissue samples.

IV. COST ANALYSIS

The entire cost of the platform including the IR Seek Thermal
Compact pro cameras, thermopile sensor, source LED, optical
detector, microchip fabrication, display system, and electronic
components amounts to around $500. The maintenance cost
would be $10 per sample. When produced at an industrial scale,
these costs should be lower.

V. CONCLUSION

In this paper, we discuss the design and implementation of a
portable tool that characterizes the bulk thermal and optical
properties of the tissue. With regards to thermal properties, the
bulk thermal conductivity (k) proved to be the critical thermal
parameter that could differentiate the cancerous from normal
tissues. The reduced scattering coefficient (u« ’s) operated at 940
nm proved to be the critical optical tissue parameter that can
delineate cancerous from normal tissues. However, combining
both the critical parameters (k and u’) gave the highest
accuracy for delineating cancer from normal tissues.

This novel thermo-optic tool can rapidly differentiate
cancerous from adjacent normal breast biopsy tissues and aid
the pathologist to make an immediate feedback in the operating
room.
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