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Abstract—Currently, the confirmation of diagnosis of breast
cancer is made by microscopic examination of an ultra-thin slice
of a needle biopsy specimen. This slice is conventionally formalin-
fixed and stained with hematoxylin-eosin and visually examined
under a light microscope. This process is labor-intensive and
requires highly skilled doctors (pathologists). In this paper, we
report a novel tool based on near-infrared spectroscopy (Spectral-
IRDx) which is a portable, non-contact, and cost-effective system
and could provide a rapid and accurate diagnosis of cancer. The
Spectral-IRDx tool performs absorption spectroscopy at near-
infrared (NIR) wavelengths of 850 nm, 935 nm, and 1060 nm. We
measure normalized detected voltage (Van) with the tool in 10
deparaffinized breast biopsy tissue samples, 5 of which were
cancer (C) and 5 were normal (N) tissues. The difference in Van at
935 nm and 1060 nm between cancer and normal tissues is
statistically significant with p-values of 0.0038 and 0.0022
respectively. Absorption contrast factor (N/C) of 1.303, 1.551, and
1.45 are observed for 850 nm, 935 nm, and 1060 nm respectively.
The volume fraction contrast (N/C) of lipids and collagens are
reported as 1.28 and 1.10 respectively. Higher absorption contrast
factor (N/C) and volume fraction contrast (N/C) signifies higher
concentration of lipids in normal tissues as compared to cancerous
tissues, a basis for delineation. These preliminary results support
the envisioned concept for non-invasive and non-carcinogenic
NIR-based breast cancer diagnostic platform, which will be tested
using a larger number of samples.

Index Terms— Near-infrared spectroscopy, Breast cancer,
Biopsy tissue, Lipids, Collagens, Non-invasive.

I. INTRODUCTION

REAST cancer is the most common cancer accounting for
almost 11.6% of all cancer incidences and 6.6% of cancer-
related deaths globally in 2018 [1]. Current methods for
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diagnosis of breast cancer, whether in a symptomatic or a
screening situation are clinical breast examination, imaging
with X-ray mammography [2], [3], and ultrasound [4] as well
as tissue diagnosis using needle biopsy [5]. The most common
tool used for screening of breast cancer is X-ray
mammography, which has been reported to have sensitivity and
specificity of 77% and 97% respectively [2]. However, X-Ray
mammography’s sensitivity and specificity reduce significantly
to 67% and 89% for dense breasts [2], [3]. Moreover, X-Ray
mammography is expensive, hospital-based, involves radiation
risks, and its efficacy in patients less than 40 years is not yet
established [6]. Contrast-enhanced Magnetic Resonance
Imaging (MRI) is reported to have the highest sensitivity
between 93% and 100% [7]; but is costly, bulky, and hospital-
based. Ultrasonography requires a skilled operator and gives
high false positives [8] compared to X-ray mammography.
Microwave based imaging modalities [9], [10] are also
proposed, however large number of clinical trials are required
before implementing in the field.

Women living in limited-resource settings, and geographically
remote areas do not have easy access to high-quality diagnostic
facilities traditionally designed for secondary or tertiary referral
centres. Furthermore, with rising healthcare costs even in the
developed world, there is a need for a diagnostic technique that
is robust, cost-effective, and easy to interpret [11]. The concept
of the diagnostic process including triple assessment at the
secondary health center is illustrated in Fig. 1.

Portable systems have been studied that can delineate
between normal and cancerous tissues based on electric
properties [12], mechanical properties [13], combined electro-
mechanical properties [14], and combined electro-thermo-
mechanical properties [15] of tissues. However, these systems
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Fig. 1: Conceptual diagnostic process: The patient either visits primary
health centre or screening centre for an initial assessment. If suspected,
the patient visits the secondary health centre to undergo triple assessment:
(a) clinical assessment by surgeons, (b) X-Ray mammography, and/or (c)
Ultrasound based on the age group. In case of a suspicious lesion on a/b/c,
(d) core needle biopsy is performed and examined by (e) Pathologist using
standard histopathological hematoxylin-eosin (H&E) stain tests to
confirm cancer, (f) The Spectral-IRDx is a platform to augment the
histological analysis.

are based on physical contact with the biological tissue, which
reduces the durability of the sensor and increases the
expenditure in the product lifecycle. Hence, there is a need for
a non-contact-based technique to delineate between normal and
cancerous biopsy tissues.

Infrared spectroscopy has been used to optically characterize
the different constituents of the tissue [16]. The operating
wavelength of interest for near-infrared spectroscopy is
between 700 nm and 1100 nm. The different constituents of
tissue such as oxygenated hemoglobin, deoxygenated
hemoglobin, lipids, collagens, and water have their unique
characteristic absorption peaks within this range [17]. The
difference in absorption of oxygenated and deoxygenated
hemoglobin at 850 nm forms the basis for measuring its relative
concentration. Likewise, the absorption for lipids peak at 930
nm [17]-[19] and collagens at 850 nm [17], [20], which forms
the basis for measuring their relative concentration.

Additionally, the absolute absorption coefficient of lipid and
collagen at 1030 nm is reported to be similar [20]. The
quantification of such tissue constituents can be leveraged to
demarcate and differentiate between normal and cancerous
tissue. Several literatures report a higher lipid concentration in
the normal tissues as compared to cancerous tissues [11], [17],
[21]-[24].

The first study on exploring the absorption properties using
infrared spectroscopy on breast tissue was reported in 1991 by
Key et al. [25], where freshly excised tissues of women
undergoing mastectomy or lumpectomy were collected. Peters
et al. [26] specifically reported the delineation between normal
and cancerous tissues based on the optical absorption at visible
and infrared wavelengths. However, these systems used either
halogen or Xeon arc lamp as a source, thereby making the
system bulky, fragile, and expensive. Several new systems have
now been developed as described below.

FTIR (Fourier Transform Infrared) based spectroscopy has
been touted as a potential technique to analyze the molecular
and structural data of the tissue and aid the clinician performing
histopathology test to differentiate between normal and cancer
cases [27], [28]. Kumar et al. [27] review the applicability and
challenges of the Fourier Transform Infrared (FTIR)
spectroscopy and imaging as a potential tool to differentiate
between normal and cancer tissues based on the molecular
differences. The review also documents the processes of biopsy
extraction, paraffinizing, sectioning, deparaffinizing, and
comparing the IR spectroscopy data with histopathology data.
The challenges with FTIR spectroscopy involve uniform
sample preparation protocol, misinterpretation of data due to
contamination, and difficulty in handling samples with aqueous
solution. FTIR spectroscopy technique has been proposed to
detect various cancer including breast, lung, oral, ovarian, and
colon cancer [28].

Research in infrared spectroscopy reports the use of
commercial Fourier Transform Infrared (FTIR) and Raman
spectroscopy tools to delineate between normal and cancerous
samples [29], [30]. Fernandez et al. [29] reported the use of
Perkin-Elmer’s Spotlight 300 imaging system to perform the
FTIR spectroscopy on breast biopsy tissue. Depciuch et al. [30]
reported the use of Bruker’s VERTEX 70v to perform the FTIR
spectroscopy and Thermo Scientific’s Smart Raman DXR to
perform the Raman spectroscopy on paraffinized and
deparaffinized breast biopsy tissue. However, the commercially
available FTIR and Raman spectroscopy systems are not
explicitly designed for positioning of breast biopsy tissue and
are prohibitively expensive. The recent progress involves the
development of new specialized systems based on optical-
infrared hybrid spectroscopy to analyze the deparaffinized
biopsy tissue samples to create the absorption maps and
compare them with histopathology results [31]. However,
further research needs to be carried out to emphasize the
delineation between normal and cancer tissues based on the
constituent’s contrast ratio (N/C) which acts as a biomarker.

Diffuse Optical Imaging (DOI) technique, which involves
the propagation of photons through dozens of millimetres of
breast tissue to quantify the cancer biomarkers are proposed as
a potential rapid diagnostic tool to aid the clinician alongside
the gold standard X-Ray mammography [11], [32], [33]. Cost-
effective continuous-wave operation based systems have been
proposed to delineate between cancer and adjacent normal
regions based on the concentration of biomarkers such as
hemoglobin, lipid, collagen, and oxygen saturation [21], [34].
However, more research needs to be carried out at the tissue
level to understand further the correlation between different
biomarkers and tissue types (normal and cancer).

In this work, we report the development of a portable, non-
contact, cost-effective, and robust NIR spectroscopy tool to
delineate normal and cancerous breast biopsy tissues and
quantify the contrast ratio (Normal/Cancer) of different
chromophores such as lipids and collagens, based on the near-
infrared spectroscopy at 850 nm, 935 nm, and 1060 nm.
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1. DESIGN AND METHODOLOGY

In this section, we discuss the theoretical basis for the study,
the preparation of the biopsy tissue for measurement, and the
system-level description of the Spectral-IRDX, including its
mechanical, electronics, and optics module.

A. Theory and mathematical model

The absorption contrast factor (ACF) for different wavelengths
are experimentally quantified by measuring the normalized
detected voltage (Van); Section III discusses the quantification
of ACF in detail. In order to evaluate the volume fraction of
different constituents of tissue, we consider the Modified Beer-
Lambert Law (MBBL) for optically thick (2 + 0.0368 mm) and
optically homogenous biological tissue [35]-[38]. The near-IR
absorption contribution is comparatively significant as
compared to the variation of sample thickness (SD = +0.0368
mm) and hence the variation of sample thickness is neglected.
The MBBL can be written as:

0D(1) = —log (i) — 1 ().DPFQ).d+G (1)

where OD(M) is the wavelength-dependent optical density for
normal and cancer tissue samples, Iy is the source intensity, and
I is the fraction of the light intensity arriving at the detector, d
is the tissue sample thickness, A is the operating wavelength,
DPF is the differential pathlength factor, G is the attenuating
factor from both geometrical configuration and scattering
coefficient, and p,(Ad) is the wavelength-dependent total
absorption coefficient of the normal and cancer tissue samples.
In order to cancel the scattering factor G, differential form of
MBBL is considered [35]-[38]:

AOD(A) = —log (Ii) = Au,(D).DPF(D).d  (2)

where A represent the change in the variable with respect to
different state or wavelength [39]. As the experiments are
carried out on the deparaffinized tissues where the state of the
tissue don’t change with time, the A difference is evaluated with
a respect to a reference wavelength (4,), also known as
differential MBBL approach [40]-[42]. For simplicity, it is
assumed that the geometry configuration of the tissues and the
scattering losses at different wavelengths are identical.
The closed-form solution of the steady-state photon diffusion
equation in an optically homogenous tissue can be written as
[43]:

i = Lle—ueffd 3)

I, 4nDd
where D is diffusion coefficient and g = /31,15 IS the
effective absorption coefficient. For simplicity, the definition of
DPF from Fantini et al. [36] for an infinite slab model is
assumed, the DPFj, can be re-written in the form of the
absorption coefficient p,(A) and reduced scattering coefficient

uer Q) [37], [44]:

_ 19 IN]_ o _ V3’
DPFins(D) = 5o=|log (1)) = 5o merr = s (4)

The reduced scattering coefficient is defined as pg(A) =
a (A/Ay)"P, where a is the scattering coefficient, b is the
scattering power, and A, is the reference wavelength for
dimensionless evaluation [18]. Additionally, the total

absorption coefficient can be written in the form of volume
fraction and the absorption coefficient for each of the
constituents of the sample tissue as follows [18]:

Ha) = ) ot Har(D) ®)

where f,; volume fraction of the i constituent, p,;(4) is the
wavelength dependent absorption coefficient of the i®
constituent, and N is the total number of constituents. The
experiment with FFPE (formalin-fixed, paraffin-embedded)
samples involves biopsy tissue extraction, paraffinizing,
sectioning, and deparaffinization. This preparation for
deparaffinized tissue is reported to be able to preserve tissue
constituents such as lipids and collagens (structurally proteins)
[27], [45]. In this study, we assume the IR absorption
contribution dominated by two chromophores in the
deparaffinized biopsy tissue, namely lipids and collagens.
Hence, the total absorption can be re-written in the form of
volume fraction and absorption coefficient of lipids and
collagens respectively. The system operating at two
wavelengths (4; and A,) gives two equations with two

unknowns(fv.lipid and fv.collagen):
He(A1) = fv.lipid Wa.lipid (A1) + fv.collagen Ha.collagen (A1) (6)
Ha (AZ) = fv.lipid ua.lipid (AZ) + fv.collagen ua.collagen (/12)
Hence, eqn. 2, 4, and 6 can be combined to be re-written as:

4(a0D(1)))’
3us’ (11).d2 _<AP-a.lipid(Al) Allamuagen(}q))( fotipia ) 7)
AUalipid(Az) AUa.callagen(Az)

4(000(1y)° |
315’ (A2).42

f v.collagen

where AODis the difference in OD between operating
wavelength (A;and A,) and A, and Ay, is the difference in
i, between operating wavelength (A;and A,) and A,.. The OD at
the operating wavelength A;and A, are evaluated using I and I
through the electronic system as discussed in C.3 of this section.
The Wgiipia and Mg conagen at wavelength 44, 4, , and 4, are
known [19], [20], while p (A1) and pyr(A,) are assumed from
[18], [46]. Solving Eqn. 7 we evaluate two unknown
parameters, that is volume fraction of lipid (f,, ;p;q) and volume
fraction of collagen (f; coiagen)-

B. Sample Preparation

Breast biopsy tissues were obtained from Assam Medical
College from patients after obtaining their informed consent.
All the studies were performed in accordance with the
institutional ethics committee of Assam Medical College with
the ethical clearance certificate number AM/EC/1333 and of
Indian Institute of Science with the ethical clearance certificate
number 17-14012020. Baker et al. [47] proposed the sample
preparation protocol of the FFPE tissue samples for performing
FTIR spectroscopy. The same protocol with the help of an
oncopathologist was further tailored to prepare the tissue
sample for near-infrared spectroscopy measurements. A total of
N = 10 breast tissue blocks were examined, from which N = 5
were cancer, and N = 5 were adjacent normal tissues. Each
cancer-normal pair were obtained from the breast tissue of the
same patient, excised in the course of their routine treatment.
Formalin fixed paraffin embedded (FFPE) tissue blocks were
prepared from these excised tissues. Uniform cylindrical tissue
blocks of 5 mm diameter and 2 mm thickness were extracted
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Fig. 2: Breast biopsy tissue. (a) Normal paraffinized tissue, (b) Cancerous
paraffinized tissue, (c-d) Top view of normal and cancerous tissue after
deparaffinization process, and (e-f) Side view of normal and cancerous
tissue after deparaffinization process.

from the FFPE blocks as shown in Fig. 2a-b. These cylindrical
blocks were first kept in a hot air oven at 70°C for two hours to
melt the paraffin- embedded around the tissue. This paraffin is
subsequently removed by dipping in Xylene for 4-5 mins
followed by vortexing and centrifugation at 4500 rpm for 20
seconds to separate the paraffin wax from the tissue. The
sample is then passed through a series of ethanol washes of
decreasing concentrations of 100%, 95%, 70%, and 50% for 4
minutes each to remove the formalin fixation. Finally, the
deparaffinized tissue sample is dipped in distilled water for 5
mins and stored in 1.5 mL PBS vials for testing and
measurements, as shown in Fig. 2c-d (Top view) and Fig. 2e-f
(Side view).

C. Spectral-IRDx Tool
The Spectral-IRDx comprises of mechanical, electronic, and

a) — b)

4| Vertical translation
stage

[5: ~ o] Optical bly {
(R i

—  holder

’__7 sample holder
A |

optical modules. Each module is designed, taking into
consideration the requirements for being portable, compact,
cost-effective, and easy to use.

The acquisition cycle is categorized into three steps: 1)
Sample loading, 2) Initialization, and 3) Measurement. The first
step loads the sample holder from the original position (Fig. 3a)
to the position where the operator can easily place the sample
on the sample holder (Fig. 3b), taking about 90 s (T;). The
initialization step translates the sample holder and optical
assembly to position the sample in the line of sight of the 850
nm LED and its corresponding OPT101(A) detector (Fig. 3c),
taking about 30 s (T2). The measurement step begins with the
continuous-wave (CW) operation of 850 nm LED and
acquisition of signals from the corresponding OPT101(A)
detector (Fig. 3d-e). The acquisition is performed at an interval
of 1 second, the full acquisition lasting for 60 seconds and a
buffer of 10 seconds for switching to the next operating
wavelength (Fig. 3e). After the completion of the acquisition
cycle of 850 nm LED, the sample holder rotates by 45°,
positioning the biopsy tissue perpendicular to the line of sight
of the 935 nm LED and its corresponding OPT101(B) detector
(Fig. 3f), while the same acquisition cycle is repeated for 1060
nm LED (Fig. 3g). The total measurement time (T3) of 3 min
30 seconds consists of the acquisition cycle for the three
operating wavelengths, each taking 70 s.

The acquisition time for the complete cycle, including loading
sample, initialization, and measurements of single biopsy
tissue, takes about 6 minutes (T1+T2+T53).
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Fig. 3: Acquisition cycle of the Spectral-IRDx a) Original position, b) Loading sample (90 s): Operator places the sample on the sample holder, c)
Initialization step (30 s): The sample holder along with the optical assembly holder initializes for the measurement position, d) Measurement step (3 m
30 s): Involves the measurement for the operating wavelength of 850 nm, 935 nm, and 1060 nm. The light source from e) 850 nm, f) 935 nm, and g)
1060 nm LED is focused by the Fresnel lens, which interacts with centre of the biopsy tissue and gets detected by its corresponding OPT 101(A/B/C).
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circuit. The constant current controlled signal is delivered to the 850 nm, 935 nm, and 1060 nm LEDs using the LED circuit, while a regulated 9V input
is delivered to the OPT101s using the detector circuit. (c) Spectral-IRDx without the front casing. The figure showcases the three translation stages,
optical assembly holder, and the mechanical components of the system, (d) The exterior view of Spectral-IRDx with the front flap closed.

1) Mechanical module

The Spectral-IRDx consists of three NEMA 17 motors that
control the horizontal (£X), vertical (+Y), and rotational motion
(£6), as shown in the exploded view Fig. 4a. The sample holder
is associated with the horizontal (£X) and rotational (+£O)
translation stages, while the optical assembly holder is
associated with the vertical (+Y) translation stage. Arduino
Mega 2560 microcontroller controls the motion of the three
stages using NEMA 17 motors and the crash sensors. The crash
sensors are integrated at the end of the horizontal (-X direction)
and vertical railing (+Y direction), to give the end stop feedback
to the controller.

The black infrared absorbing layers are attached to all the
inner surfaces of the system to reduce the infrared scattering.
The structures of the Spectral-IRDx are 3D printed using
polylactic acid (PLA) material, while the aluminum frame is
used to make the system durable, as shown in Fig. 4c. The outer
casing is built using stainless-steel material to reduce corrosion
and increase the longevity of the system, as shown in Fig. 4d.
The system is completely closed during the acquisition process
to minimize the influx of ambient light that may get measured
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as noise. The access within the system is only permitted during
the first step of loading sample, where the operator can open the
flap window and place the biopsy tissue. The total weight of the
system is 4.8 kg with the dimensions of 20.3 cm (length) x 18
cm (breadth) x 26.8 cm (height).

2) Electronics module

An SMPS is used to convert the AC power supply into +12
V DC supply to drive the Computer Numerical Control (CNC)
shield for motor control and source-detector driver circuit.
Arduino Mega 2560 controls both the CNC shield and the
driver circuit. The CNC shield allows the full control over the
clockwise and anti-clockwise rotation of the three NEMA 17
motors, while Arduino Mega 2560 controlling the
electromagnetic relays (RL1, RL2, and RL3) are used to switch
the operation between the LEDs and its corresponding
OPT101s.

The driver circuit consists of two sections for driving LEDs
and Silicon photodiode (Si-PD) based detectors, as shown in
Fig. 4b. The LEDs and Si-PD detectors are powered using
LM317 regulator IC, which regulates the SMPS output of 12 V
with noise into a stable 9 V signal. The regulated 9 V signal is
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then converted to a constant current supply using LM317 to
drive the LEDs. The potentiometer for the LED driving circuit
is adjusted to drive the LED between 5-10 mA as shown in the
Eqn. 8. The Ry in the LED driver circuit is set to 200 Q to
drive the LED with ~ 6.25 mA. The regulated 9 V from LM 317
is supplied directly to the Vcc connection of OPT101 for its

operation.
1.25
Lot = R ()

pot

3) Optics module

The optics module comprises of three source LEDs and its
corresponding Si-PD OPT101 detectors. The peak wavelength
of LEDs is selected to match the absorption peak of lipids and
collagens. SFH4350 LED from OSRAM with a peak operating
wavelength of 850 nm and spectral full width half maximum
(FWHM) of 30 nm is used to match higher absorption of
collagens as compared to lipids [17], [20] at 850 nm. OP133
LED from TT Electronics, having a peak operating wavelength
of 935 nm and FWHM of 50 nm is used to match higher
absorption of lipids at 930 nm [17], [20]. While EOLD-1060-
525 LED from OSA Optolight having the peak operating
wavelength of 1060 nm and FWHM of 80 nm is used to
approximately match the absorption peak of both lipids and
collagens at 1030 nm [17], [20]. All the LEDs are selected to
deliver radiant power ~ 5 mW at the operating condition with a
narrow beam angle of less than 20° to improve the capacity to
interact at the core of the tissue sample. A converging beam of
light is created using Fresnel lens, which has a focal length of 5
mm. The converging beam of light focus the light source
towards the centre of the tissue sample and hence effective
optical path length (OPL) for each of the sample measurement
was assumed to be similar. This approach also reduces the
placement error caused due to the shift in the placement of the
tissue with each measurement. Lasers which provide narrower
beamwidth and bandwidth were found to be comparatively
costly at the required near-infrared wavelengths, increasing the
overall development price of the system, and hence were
replaced by narrow beam angle LEDs in this design. OPT101
from Texas Instrument (TT) detects this light beam using Si-PD

TABLEI
SPECTRAL-IRDX SYSTEM SPECIFICATIONS
Requirements Specification
Power supply 230 V (50 Hz)

System dimensions 20.3 cm (length) x 18 cm (breadth)
X 26.8 cm (height)

4.8 Kg

Continuous wave (CW)

850 nm, 935 nm, and 1060 nm

Weight
Operation type
Operating wavelength

Source LED

Detector Si Photodetector with integrated
amplifier (OPT101)

Measurement time ~6 minutes

Portable Yes

Tissue sample dimension | 5 mm diameter and 2 mm thickness

Tissue type Deparaffinized FFPE tissue samples

Controller Arduino Mega 2560

Approximate cost $350

Acceptable sensitivity > 90% *

Acceptable specificity > 90% *

* Based on references [11], [27], [28]

integrated with an inbuilt amplifier. The OPT101 is a
universally accepted detector for designing biomedical optical
tools due to its durability and robustness [48]. The OPT101
detects visible and near IR light (between the range of 400 nm
and 1100 nm) with varying sensitivity and hence, the detected
voltage at 850 nm, 935 nm, and 1060 nm from the OPT101 were
normalized with a common reference value. Moreover, the
OPT101 follows a linear relationship between the light intensity
and the detected voltage, as shown in Eqn. 9 [48]. This linear
relationship makes it possible to characterize the intensity of
light as a representative detector voltage.

0D(1) = —log (i) = —log (UE()) =—log(V 4n) 9

where U and Uy are the detected voltage with and without
placing the sample respectively, and Vg4, is the normalized
detected voltage (=U/Up). The complete system specifications
of Spectral IRDx are summarized in Table I.

III. RESULTS AND DISCUSSION

Transmittance based near-infrared spectroscopy measurements
were performed at the operating wavelengths of 850 nm, 935
nm, and 1060 nm for a total of 10 tissue specimens, of which 5
were known to be cancer and 5 were adjacent normal tissues.
The measurement cycle of 60 datapoints was repeated for n =3
times, while reporting the mean for each data point. The
operating wavelengths of 935 nm and 1060 nm is used for the
delineation between the normal and cancer tissues. The
combination of operating wavelengths of 850 nm and 935 nm
is used to quantify the volume fraction of lipid and collagen.
Fig. 5a-b shows typical results from conventional hematoxylin-
eosin (H&E) staining histology tests for two suspected
cancerous biopsy tissue samples, later confirmed as positive by
the oncopathologist.

Fig. 5¢ show that the normal samples on an average reported
lower normalized voltage (Vqn) at 850 nm, 935 nm, and 1060
nm, signifying higher absorption as compared to cancerous
samples. Fig. 5c compares the average of the normalized
detected voltage along with the standard deviation for normal
and cancerous samples for the operating wavelengths of 850
nm, 935 nm, and 1060 nm respectively. Statistical analysis were
performed on the data obtained using the two-tailed unequal
covariance t-test with Welch’s correction. Data in Fig. Sc were
grouped into two groups, namely normal (N = 5) and cancerous
(N =5) for the operating wavelength of 935 nm and 1060 nm.
The measurements at an operating wavelength of 935 nm report
slight delineation (p-value = 0.0038), while the measurement at
1060 nm report significant delineation (p-value = 0.0022)
between the normal and cancer tissue samples. In comparison,
the contact-based probes reported the bio-impedance analysis
with a p-value ~ 0.00001667 [12], mechanical tissue properties
analysis with a p-value ~ 0.000001 [13], and electro-thermo-
mechanical analysis with a p-value ~ 0.00002 [15].

The absorption contrast factor (ACF) ratio between normal
and cancer (N/C) is defined in Eqn. 10. The ACF (N/C) for the
operating wavelength of 850 nm, 935 nm, and 1060 nm were
reported as 1.303, 1.551, and 1.45 respectively. The higher ACF
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(N/C) represents higher absorption in normal tissues as
compared to cancerous tissues, a basis for delineation.
Moreover, it can be inferred from ACF (N/C) for different
wavelengths, the absorption at 935 nm is higher (~1.551) as
compared to 850 nm (~1.303) and 1060 nm (~1.45), due to the
lipid absorption peak overlapping at 930 nm.

Absorption contrast factor (%) =
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C 25%~75%
034 DNl R
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Fig. 5. (a-b) Histopathology tests (H&E) for two cancerous biopsy tissue
samples, (c) Pooled data comparison: Average normalized detected voltage
(Vdn) for normal and cancerous tissues with operating wavelength of 850 nm,
935 nm, and 1060 nm showcasing slight demarcation (p-value = 0.0038) at
935 nm and significant demarcation (p-value = 0.0022) at 1060 nm along with
the Absorption contrast factor ACF(N/C).

Since the normal and cancer tissue samples are extracted
from the same patient, the comparison of Vdn data points for
each patient and for the operating wavelengths of 935 nm and
1060 nm is shown in Fig. 6a and Fig. 6b respectively. It can be
observed from the measurement data points that the difference
in Vdn between normal and cancer tissues is significantly
different (p-value < 0.0001) as compared to the inter-personal
distribution of each of the sample dataset. The Vdn value for
the clustered normal and cancer tissues for the operating
wavelengths of 935 nm and 1060 nm is reported in Fig. 6¢ and
Fig. 6d respectively. From Fig. 6c, it is observed that for the
operating wavelength of 935 nm, a significant deviation in Vdn
is observed for the samples 1-2 and 4-5, while the region
between the mean and third quartile of the B3 sample overlaps
with the region of the mean and first quartile of the C4 sample.
This may be due to the different physiological parameters such
as BMI, age, and weight of the patients. From Fig. 6d, it is
observed that for the operating wavelength of 1060 nm, a
significant delineation (p-value = 0.0022) in Vdn is observed.

The volume fraction contrast (N/C) evaluates the ratio of
biomarker (lipid or collagen) concentration of the normal tissue
to the cancer tissue. To quantify the volume fraction contrast
(N/C) of lipids and collagens, the operating wavelength of 850
nm and 935 nm were considered, assuming the maximum
difference of absorption between the lipids and collagens. At
850 nm wavelength, the absolute absorption coefficient of
collagens is significantly higher (~ 4 times) than lipids, while at
935 nm, the absolute absorption coefficient of lipids is
significantly higher (~ 4 times) than collagens, as shown in
Table II.. As the CW measurement cannot separate the
contribution between absorption and scattering effects, the
scattering variables for normal and cancer regions were
assumed to be similar [21]. The reduced scattering coefficient
for both normal and cancer tissues were evaluated by assuming
the breast tissue with a = 31.8 cm’!, b = 2.741, and reference
wavelength (Ay) as 500 nm [18], [37].

After solving Eqn. 7, using 1060 nm as a reference
wavelength (4,.), the volume fraction contrast (N/C) for lipids
and collagens was obtained as 1.28 and 1.10 respectively,
signifying higher lipid concentration in normal as compared to
cancerous tissue, a basis for delineation. Wang et. al. [22]
reported the lipid contrast factor (N/C) of ~1.5, while Cerussi
et al. [23] reported a reduced lipid content (~20%) in the cancer
region as compared to the adjacent normal region, leading to
lipid contrast factor (N/C) ~1.25. Anderson et al. [21] reported
a reduced lower lipid concentration (8%) in cancer regions as
compared to the normal tissue regions, leading to lipid contrast
factor (N/C) ~1.09. The study performed by Anderson et al.
was able to statistically differentiate the normal and cancer
regions based on the lipid contrast factor with the p-value =
0.002.

As these data are derived from 5 matched pairs of samples
from 5 cancer patients, we recognized that they are preliminary.
However, the results indicate a definite signal and are
promising enough for us to expand the study to a larger sample
and could potentially pave the way towards a clinical trial to
test the new instrument in the clinical environment.

TABLEII
ABSORPTION COEFFICIENT FOR LIPID AND COLLAGEN

. . -1
Reference Constituents Absorption Coefficient m
850 nm | 935 nm | 1060 nm
Van Veen et al. [25] | Lipid 0.637 11.75 5.705
Sekar et al. [26] Collagen 2.82 3.01 54

IV. COST ANALYSIS

The entire cost of the prototype including the source LED,
detector OPTI101, electronic components, mechanical
components, fabrication, and display system amounts to ~
$350. In comparison, the commercial systems are priced
>$10,000 [29], [30].

V. CONCLUSION

We have conceived, developed, and manufactured a portable
system that performs infrared spectroscopy technique to aid the
clinician to differentiate between the normal and cancer biopsy
tissues with results comparable to the current Histopathology
tests (H&E) which is considered as gold standard. The IR
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Fig. 6. Vdn comparison between cancer and normal tissues from each patient with operating wavelength of (a) 935 nm and (b) 1060 nm showcase
significant statistical difference (p-value < 0.0001). Clustered sample comparison of Vdn with operating wavelength of (c) 935 nm and (d) 1060 nm,
for a total of N = 10 samples (N = 5 normal, N = 5 cancer).

spectroscopic analysis was performed on cancerous and
adjacent normal tissues from N = 5 patients, with a total of N =
10 tissue sample. The difference in normalized detected voltage
(Vdn) at 935 nm and 1060 nm between cancer and normal
tissues was reported to be statistically significant with p-values
of 0.0038 and 0.0022 respectively. Additionally, the volume
fraction contrast (N/C) of lipid (~1.28) reports higher lipids in
normal tissue as compared to cancerous tissue. The cost is
significantly lower than other commercial devices, which are
also not specifically designed for positioning of a breast biopsy
tissue. The Spectral-IRDx tool is designed to be portable,
robust, non-contact, and easy-to-interpret. It is, therefore,
suitable to be used in larger studies to formally compare its
outputs with conventional histopathological diagnosis of breast
cancer. This could potentially have a significant impact.
Furthermore, if the Spectral-IRDx system is found to approach
the accuracy of pathological examination of the biopsy
specimen, the principles could be used for a device for in-vivo
use in patients suspected of breast cancer through non-invasive
imaging of the breast.
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