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Di®use optical spectroscopy is a relatively new, noninvasive and nonionizing technique for breast
cancer diagnosis. In the present study, we have introduced a novel handheld di®use optical breast
scan (DOB-Scan) probe to measure optical properties of the breast in vivo and create functional
and compositional images of the tissue. In addition, the probe gives more information about breast
tissue's constituents, which helps distinguish a healthy and cancerous tissue. Two symmetrical
light sources, each including four di®erent wavelengths, are used to illuminate the breast tissue. A
high-resolution linear array detector measures the intensity of the back-scattered photons at
di®erent radial destinations from the illumination sources on the surface of the breast tissue, and a
unique image reconstruction algorithm is used to create four cross-sectional images for four dif-
ferent wavelengths. Di®erent from ¯ber optic-based illumination techniques, the proposed method
in this paper integrates multi-wavelength light-emitting diodes to act as pencil beam sources into
a scattering medium like breast tissue. This unique design and its compact structure reduce the
complexity, size and cost of a potential probe. Although the introduced technique miniaturizes the
probe, this study points to the reliability of this technique in the phantom study and clinical
breast imaging. We have received ethical approval to test the DOB-Scan probe on patients and we
are currently testing the DOB-Scan probe on subjects who are diagnosed with breast cancer.

Keywords: Breast cancer; di®use optical spectroscopy; image reconstruction techniques; medical
and biological imaging; optical breast phantom.

1. Introduction

According to the Canadian and American cancer
societies, breast cancer is the most common cancer

among women and is ranked as the second

leading cause of cancer death in women in North

America.1,2
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Ultrasound, X-ray mammography and magnetic
resonance imaging (MRI) are commonly used for
breast cancer detection, where X-ray mammogra-
phy is the primary screening technique.3 Although
X-ray mammography is the principle modality for
breast cancer screening, it is recommended for
women over the age of 50,4 because it is di±cult to
distinguish the lesion from the image for younger
women whose breasts are much denser. In addition,
it has a potential health risk due to the e®ect of
ionizing radiations.5,6 Hereby, due to X-ray mam-
mography's limits, researchers have been encour-
aged to use di®erent breast cancer detection
modalities, such as di®use optical tomography,
impedance spectroscopy or elastography.7

Over the past three decades, there have been
signi¯cant advancements in optoelectronics com-
ponents and ¯ber optics. In parallel with these
developments, near-infrared (NIR) optical imaging,
in association with optoelectronic devices and ¯ber
optics, have also been developed rapidly. NIR
optical imaging approaches, known as a noninvasive
and promising method for compositional and func-
tional imaging of extremely scattering media,
have been advanced for breast cancer diagnosis.7,8

The optical properties of the breast tissue have been
widely studied and published in Refs. 9–12.
According to these studies, among the four main
constituents of the breast tissue, fat, water (H2O),
deoxy-hemoglobin (Hb) and oxy-hemoglobin
(HbO2), the absorption o®at and waterare low in
the wavelength spectrum from 650 nm to 1100 nm,
which allows light to travel deeply into the breast
tissue.9,13–15

A number of handheld di®use optical probes
have been implemented and tested for breast cancer
detection, as reported in Refs. 16–25. Almost all of
the probes are designed in re°ectance geometry to
measure optical properties of the breast tissue.16,24

Laser light sources or ¯ber coupled laser light
sources in NIR range are used to determine the
concentration of main chromophores in the breast
tissue related to sensing anomalies. No handheld
functional and compositional breast cross-sectional
imaging devices have been reported to date.

In the present study, a novel handheld di®use
optical breast scanning probe was designed and
developed for functional and compositional cross--
sectional imaging of the breast tissue. To evaluate
performance and usability of the device we tested
the probe on breast tissue-mimicking phantoms,

which have similar optical properties as breast tis-
sue, before using the device on human subjects.
Here, the prototype of the DOB-Scan probe is in-
troduced utilizing multi-wavelength encapsulated
light emitting diodes (eLED), which contain four
NIR wavelengths, 690 nm, 750 nm, 800 nm and
850 nm, as illumination sources. The LEDs are set
0.5mm apart from each other and perform as multi-
wavelengths pointed illumination source in such a
scattering medium. In our previous study,23 we ex-
perienced that using eLED as an illumination source
reduces complexity, size and cost of the probe. In
this study, we utilized a linear array detector with
2048 sensors, to measure the intensity of the back-
scattered photons on the surface of the breast to
create functional and compositional cross-sectional
images of the breast tissue. The illumination source
wavelengths are chosen because breast fat and
water has the low absorption in mentioned wave-
lengths.23 Solid results from phantom study moti-
vated us to conduct the ¯rst phase of clinical study
at Jim Pattison Outpatient Care and Surgery
Centre (JPOCSC) on subjects who have been di-
agnosed with breast cancer.

2. Instrument Design

Di®used optical imaging takes advantage of dif-
fraction di®erences in the NIR spectrum of water,
fat and blood. The hand-held DOB-Scan probe
use novel technique for breast imaging, which
consists of a linear array detector, two multi-
wavelengthlight-emitting diodes, custom hardware
interface and software with unique image recon-
struction algorithm. Figures 1(a) and 2(b) present a
sketch and photograph of the DOB-Scan probe,
respectively.

Eight NIR light sources are used to illuminate
the breast tissue through two eLEDs. A Schematic
diagram of the instrument's internal hardware
design is shown in Fig. 2.

Each wavelength illuminates the under-test tis-
sue sequentially, and the linear CCD array collects
back-scattered light on the skin and converts it to
an analog voltage. Analog signals are then con-
verted to digital signals by an analog to digital
converter (ADC) and passed to the main processor.
The microcontroller unit (MCU) is responsible for
controlling the eLEDs, ADC and CCD, collecting
digital data from the ADC and transferring data to
host computer for further analysis.
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2.1. Light illumination

Two eLEDs (Marubeni America Corporation L690/
750/800/850) are used in the probe, located 15mm
away from each end-side of the detector as shown in
Fig. 1. Each eLED includes four NIR wavelengths:

690 nm, 750 nm, 800 nm and 850 nm. Penetrations

of photons in these wavelengths are maximized due

to low absorption of breast fat and water at the

chosen wavelengths. The light sources can turn on

and o® individually or sequentially with a period of

Fig. 2. Schematic of the cross-sectional di®use optical imaging instrument.

(a)

(b)

Fig. 1. (a) Front-end light sources and linear charge coupled device (CCD) orientation on the probe and (b) Photograph of
DOB-Scan probe.

Handheld di®use optical breast scanner probe
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83ms, which is su±cient for functional imaging of
biological tissue. The intensity of each LED can be
calibrated through the software.

2.2. Light detection

The light detector plays an important role in the
instrument. In order to produce high-resolution
images, it must have a large number of light sensors
in small sizes and patches. The light sources are
located at two ends of the detector and the back-
scattered photons are traveling in di®erent paths to
reach the photodetectors. The pixels in the photo-
detector located closer to the active light source will
be exposed to higher light intensity, and the ones
that are placed far from the active light source will
receive lower light intensity. Therefore, the photo-
detectors must have a large dynamic range to allow
measurement for both small and large source-
photodetector separations. The light detector
(ILX511, SONY) used for the proposed probe is a
linear array CCD, which has total 2086 pixels in one
frame. 32 pixels at the beginning of the frame and 6
pixels at the end of the frame are dummy pixels.
Therefore, the photodetector has 2048 active pixels
with 14�m pixel pitch; consequently, the e®ective
imaging area is 28.672mm (2048� 14�m). A cir-
cuit is specially designed to maximize the func-
tionality of the CCD array.

2.3. Signal digitization and processing

A MATLABr (MATLAB R2012b, MathWoksr)
based graphical user interface (GUI) gives the user
complete control over the hardware via USB2.0,
allowing them to collect, store and analyze data on
the host computer. The GUI is comprised of a series
of tabs and collected data graphs for various
operations including manual and periodic light
source selection, CCD integration time setting and
data collection. Upon launching the software in-
terface, the user must manually select illumination
wavelengths, or set it to periodic rotation in LEDs
control panel. In the manual-mode, 24 frames per
second are collected from the image sensor, which is
su±cient for functional imaging of biological tissue.
In the periodic-mode, each wavelength is illumi-
nated for 200ms and the data is collected with
the same rate. In this mode, eight sets of data
are collected while di®erent wavelengths illuminate
sequentially into the biological tissue, and in order

to measure the ambient light e®ect on the image
sensor, one more frame is collected while all the
LEDs are turned o®.

3. Evaluation and Image

Reconstruction Algorithm

3.1. Theory and background

In this section, we brie°y overviewed NIR photons
migration in biological tissue and the optical prop-
erties of the breast tissue. The optical properties of
breast tissues including Hb, HbO2, water and fat are
widely studied and published in Refs. 9–12. These
studies demonstrate that the absorption of fat and
water are low in the NIR range, which allows pho-
tons to penetrate deeply into the breast tissue.9,13–15

In a highly scattering medium such as breast tissue,
photon traveling paths can be simulated by di®u-
sion equation given in (1).9,13–15,23

rDðdÞr�dðdÞ � �aCm�dðdÞ ¼ �SðdÞ; ð1Þ
where �d represents the intensity at the detector
located dmm away from the illumination source
SðdÞ. Cm and �a are the photons velocity in the
medium and absorption coe±cient, respectively. D
represents di®usion coe±cient.14,23 The inverse so-
lution for di®usion equation, given in (2), for a semi-
in¯nite homogeneous medium is used to extract
optical properties of the medium for di®erent light
paths when the illumination sources and detector
are oriented in re°ectance geometry.14,16,23,26

RðdÞ ¼ 1

4�� 0
t

�eff þ
1

r1

� �
expð��eff r1Þ

r21

�

þ ð1:33Aþ 1Þ �eff þ
1

r2

� �
expð��eff r2Þ

r22

�
;

r1 ¼
1

� 0
t

� �
2

þ d2

� �1=2

; ð2Þ

r2 ¼
4
3

� �
Aþ 1

� 0
t

� �2

þ d2

 !
1=2

;

�eff ¼ ð3�a�
0
tÞ1=2;

� 0
t ¼ �a þ � 0

s ¼ �a þ ð1� gÞ�s;

where the parameters are de¯ned as follows14,23:

�s Scattering coe±cient
� 0
s Reduced scattering coe±cient

�eff E®ective attenuation coe±cient
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�a Absorption coe±cient
� 0
t Total attenuation coe±cient

RðdÞ Measured scattered photon intensity at the
distance of d from the illumination source

A Internal re°ection parameter

The di®usion equation is e®ective for large source-
detector separation, r > 10� ð�a þ �sÞ�1 and in
the case when the absorption coe±cient is much
smaller than the scattering coe±cient, �a � � 0

s.
11,23

3.2. Evaluation method

According to Eq. (2), since absorption coe±cient
(�a) of the breast tissue is much smaller than re-
duced scattering coe±cient (� 0

s), °uctuation in �a

will not have a remarkable variation on total at-
tenuation coe±cient (� 0

t). Several studies have also
demonstrated that there are no remarkable changes
on the � 0

t between normal and cancerous breast
tissue.23,27 These studies conclude that �a and � 0

s of
the breast tissue are in the range of 0.002mm�1 to

0.012mm�1 and 0.6mm�1 to 1.5mm�1, respec-
tively, in the NIR spectrum range.9,13,23,28 In our
previous study, we have also shown that the vari-
ation on � 0

t does not have notable results on the
backscattered photons at the photodetector posi-
tion.23 Therefore, it can be assumed that � 0

t remains
the same in breast tissue.

Equation (2) overall contains two unknowns if
elaborated, � 0

s and �a. The remaining parameters
can be expressed using these two variables. Since
there are large number of data points from CCD,
any two of them with di®erent distances can solve
for � 0

s and �a, which quantify the e®ect of scattering
and absorption in breast tissue separately.

As mentioned in previous sections, absorption at
the utilized wavelengths in the DOB-Scan probe
occurs in breast tissue due to four main absorbers.
We can further use four di®erent wavelengths in the
DOB-Scan probe to extract the concentrations of
the four absorbers in di®erent locations of breast
tissue underneath the probe with the following
direct approach method:

�að690 nmÞ
�að750 nmÞ
�að800 nmÞ
�að850 nmÞ

2
6664

3
7775 ¼

"Hbð690 nmÞ "HbO2
ð690 nmÞ "H2Oð690 nmÞ "Fatð690 nmÞ

"Hbð750 nmÞ "HbO2
ð750 nmÞ "H2Oð750 nmÞ "Fatð750 nmÞ

"Hbð800 nmÞ "HbO2
ð800 nmÞ "H2Oð800 nmÞ "Fatð800 nmÞ

"Hbð850 nmÞ "HbO2
ð850 nmÞ "H2Oð850 nmÞ "Fatð850 nmÞ

2
6664

3
7775�

CHb

CHbO2

CH2O

CFat

2
6664

3
7775; ð3Þ

where C and " are the total concentration of the
chromophore, and the molar absorption extinction
coe±cient in the path length of the scattered light
in the tissue. The concentration distribution of four
absorbers can be calculated by solving Eq. (3) for
di®erent light paths to reconstruct images for the
absorbers and visualizing their variation in the
breast tissue.

3.3. Image resolution algorithm

The raw data,obtained from 2048 pixels in CCD
array for 2 light sources and 4 wavelengths, are
collected from the surface of the tissue. Analytical
method is used for converting the surface-measured
light intensity into two-dimensional cross-sectional
images of the chromophores. While the tissue is il-
luminated by each wavelength sequentially, the
absorption coe±cient of each light path is calcu-
lated by utilizing Eq. (2). In order to reduce the
e®ect of sensors' noise on the measurements, we

reduced the number of measurement points to 128
(P1 to P128) by averaging data every 16 pixels. We
assume that the origin of the coordinate plane is located
in the center of light source #1 as showed in Fig. 3.

Two sets of data are collected for each wave-
length: (1) while eLED #1 is on and (2) while eLED
#2 is on. Assume we want to calculate the total
absorption coe±cient at location (X1, Y1) as shown
in Fig. 3. The illuminated light from eLED #1
travels along the path m and captured by the CCD,
and then the intensity of scattered light is measured
by the pixel Pm. A similar process occurs while
eLED #2 is on. The illuminated light from eLED
#2 travels along the path n and scattered light is
measured by the pixel Pn. Finally, the absorption
coe±cient at (X1, Y1Þ is calculated as a superposi-
tion of two light path lengths of illuminated light
from eLED #1 and eLED #2.

At this stage of the study, we only extract the
absorption information using Eq. (2). The equation
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contains two unknowns, reduced scattering
coe±cient (� 0

s) and absorption coe±cient (�a).
Since there are the same wavelength at both side of
CCD array, two equations can be established and
used for solving two unknowns. A large value of the
absorption coe±cient indicates that there exists a
higher concentration of chromophores comparing to
other areas, which shown as orange or red color in
the image. The constituent of the mass can be
roughly distinguished by the wavelength, for ex-
ample, if the images show a region with higher ab-
sorption in 800 nm or 850 nm, it is highly possible
that there is a water-¯lled lesion at that location,
because water has the relative higher absorption
among all four constituents in these two wave-
lengths. We are continuing the study to extract the
composition of the four constituents in breast tissue,
as demonstrated in Eq. (3), and improving the
algorithm to provide more accurate and detail
information.

Table 1 presents a brief speci¯cation of the
DOB-Scan probe described above.

4. Experimental Results

4.1. Phantom study

To verify performance of the DOB-Scan probe,
a study based upon tissue equivalent material was
conducted. In this study, we used an incomplete
(truncated) cylindrical shaped (8 cm diameter
and 28 cm length) Acetal resin rod (Delrinr) with
similar optical properties to breast fat (� 0

s ¼
2:3mm�1 and �a ¼ 0:002mm�1Þ and Intralipidr

to mimic background breast.23,29 Optical properties
of these two materials are also well-documented and
used in several studies.23,29–33 In order to mimic
cancerous lesions, a 5mm in diameter hole is drilled
on the side wall of the cylinder; located 15mm below
the incomplete side of the Acetal resin rod, as
shown Fig. 4. A solution of Intralipidr 20% emulsion
(Fresenius Kabi Inc.), water and black ink (Higgins
India Ink) is used as tumor-like liquid phantom and
injected into the hole.16 Black India ink is used in this
study because of its °at absorption in the NIR spec-
tral range and its water-solubility properties.

In the ¯rst experiment, we used phantom #1
with the hole ¯lled with a tumor-like liquid phan-
tom. The liquid-phantom is a solution consisting
of 1 L water, 50mL Intralipidr and 1.5mL India
black ink. In this case, we put the probe in three
di®erent locations on the phantom, where the center
line of the probe (middle of the CCD) is aligned: (a)
with the center of the hole, (b) 7mm left to the hole,
(c) 7mm right to the hole as shown in Fig. 5.

Figure 6 shows the reconstructed cross-sectional
images of the phantom for the wavelength of 690 nm
while the probe is aligned: (a) with the center of the
hole, (b) 7mm left to the hole, (c) 7mm right to the
hole. The red colors on the images show higher
absorption, which indicates the location of the hole
on the phantom. The X and Y axes on the images

Table 1. DOB-Scan Probe characteristics and parameter.

Parameter Value

Wavelength 2� ð690 nm, 750 nm, 800 nm, 850 nm)
Detector type Linear CCD
Detector resolution 2048 pixels
Image resolution 128� 128 pixels
Image length 28.67mm
Image depth 24mm
Detector sensitivity 1800 (V/Lx.S)@660 nm
Illumination tech. Continuous wave
Max. frame rate 24
Power consumption 100mA @ 5V

Fig. 3. Sketch of light propagation in highly scattering tissue.

Fig. 4. The breast phantom constructed from Acetal
resin rod.

M. Shokou¯ & F. Golnaraghi

1950008-6

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
9.

12
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
04

/1
4/

19
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



represent the length and depth of the cross-sectional
imaging area. The vertical color bars next to the
images show the absorption coe±cient of di®erent
colors on the images (unit: mm�1). Since black
India ink has uniform absorption in the NIR spec-
trum, we have similar images for all wavelengths
(690 nm, 750 nm, 800 nm and 850 nm). The test
results demonstrate that the probe can capture the
inhomogeneity in the phantom.

In the second experiment, we evaluated the
probe's ability to accurately distinguish di®erent
absorbers such as Hb and HbO2 in di®erent wave-
length. We used protein assay reagent (PAR) to
form an inhomogeneity inside the phantom #2,
which has similar optical properties to HbO2 in the
NIR spectrum range. A solution of 1.5mL PierceTM

660 nm PAR (Thermo Scienti¯cTM Inc.) mixed with
10�L prediluted protein assay standards: Bovine
Serum Albumin (BSA), with 1000�g/mL in 0.9%
saline and 0.05% sodium azide was used to make a
PAR. The absorption coe±cient of RBSA at 690 nm
is 0.17mm�1 which is much higher than its

absorption coe±cient at 750 nm, 800 nm and
850 nm (0.015mm�1).23

Figure 7 shows cross-sectional images for the
wavelength of 690 nm while the probe is placed at
di®erent locations on the phantom. Since the ab-
sorption coe±cient of the RBSA at this wavelength
is much higher than the surrounding material,
the probe can capture this di®erence. However,
for the 750 nm, 800 nm and 850 nm wavelengths,
the probe did not capture the inhomogeneity due to
the similar absorption coe±cient of RBSA with the
surrounding material as illustrated in Fig. 8, show-
ing the wavelength of 800 nm as an example.

In order to further evaluate the e®ectiveness of
the probe in monitoring di®erent concentration of
chromophores, we conducted an additional experi-
ment using the same shape of Acetal resin rod
(phantom #3). The tumor phantom was formed by
adding India black in into a reference solution of
water and intralipidr (50mL/L). In this experi-
ment, the amount of India black ink was increased
from 0.125mL/L to 0.75mL/L with an increment of

(a) (b) (c)

Fig. 6. Reconstructed cross-sectional images of the phantom for the wavelength of 690 nm while the center line of the probe is
aligned: (a) with the center of the hole, (b) 7mm left to the hole, (c) 7mm right to the hole.

(a) (b) (c)

Fig. 5. DOB-Scan probe in three di®erent locations on the phantom. The center line of the probe is aligned: (a) with the center of
the hole, (b) 7mm left to the hole, (c) 7mm right to the hole.
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0.125mL/L. The absorption coe±cient of theinho-
mogeneity was gradually increasing butthe scat-
tering coe±cient of the medium was not a®ected by
the change of ink concentration.

Four images for each step and 24 images in total
were reconstructed. As mentioned previously,India
black ink has a uniform absorption spectrum in the
NIR range. Therefore, images for four wavelengths
in the same step are identical. Figure 9 shows the
images for 690 nm as an example.

Figures 9(a)–9(f) clearly, show that the area of red
color increases as the concentration of chromophores
increases. As a result, we can conclude that theDOB-
Scan probe is capable of capturing changes in the
absorption coe±cient of the tumor phantom.

4.2. Clinical study

Promising results from the phantom study moti-
vated us to extend data collection over the actual

cancerous tissue to further evaluate the probe's
performance. In this study, we tested the DOB-Scan
probe to identify malignant breast tumors using
contralateral healthy body tissueas a control. This
research was conducted in collaboration with Fraser
Health and performed under the Fraser Health
Research Ethics Board and SFU Ethics Board
(principals: Dr. Farid Golnaraghi, Simon Fraser
University and Dr. Rhonda Janzon, Jim Pattison
Outpatient Care and Surgery Centre – JPOCSC).
The preliminary results for two out of 20 cases are
presented next.

In the ¯rst case study, the subject's latest
mammography con¯rmed that there was a mass
located in the left breast 54mm away from the
nipple at the 10 o'clock position (size 1� 0:8�
0:7 cm). The mammography image for the second
case study con¯rmed that there was a mass lesion
located approximately 2 cm in size with ill-de¯ned
margins at the 1 o'clock position in the right breast.

(a) (b) (c)

Fig. 7. Reconstructed cross-sectional image for the RBSA phantom for the wavelength of 690 nm while the center line of the probe
is aligned: (a) with the center of the hole, (b) 7mm left to the hole, (c) 7mm right to the hole for 690 nm light source.

(a) (b) (c)

Fig. 8. Reconstructed cross-sectional images of the RBSA phantom for the wavelength of 800 nm while the center line of the probe
is aligned: (a) with the center of the hole, (b) 7mm left to the hole, (c) 7mm right to the hole for 750 nm, 800 nm and 850 nm light
sources.
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In both cases, the cancerous lesions were located at
the lower outer quadrant of the breast.

The reconstructed images for both cases in four
di®erent wavelengths (690 nm, 750 nm, 800 nm,
850 nm) are presented in Figs. 10 to 13 while the
probe is positioned on the cancerous location and its
contralateral spot on the healthy breast.

Case study #1:
Figure 10 presents reconstructed images captured
with the DOB-Scan probe on the cancerous lesion.
The dark red color area on the images represents

more vascular activity in comparison to healthy
tissue caused by tumor cells.

Figure 11 shows captured images from the heal-
thy breast (right breast) at the contralateral loca-
tion of cancerous one, as there is no sign of a tumor
in this breast. The area in red color on the top right
side of the healthy breast images are caused by
detector's saturation.

Case study #2:
Figure 12 presents reconstructed images for the
left (cancerous) breast. The images show that the

(a) (b) (c)

(d) (e) (f)

Fig. 9. Reconstructed images for the wavelength of 690 nm while concentration of India black ink is gradually increased. (a)
0.125mL/L, (b) 0.25mL/L, (c) 0.375mL/L, (d) 0.5mL/L, (e) 0.625mL/L and (f) 0.75mL/L.

(a) (b) (c) (d)

Fig. 10. Case study #1: reconstructed images from collected data using the DOB-Scan probe in four wavelengths ((a) 690 nm, (b)
750 nm, (c) 800 nm and (d) 850 nm), left breast, cancerous lesion located at 10 o'clock position and 54mm away from the nipple.
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probe captured the tumor correctly and it is in line
with the mammography images provided by
oncologist. Same as previous case, in order to have
a comparison between healthy and cancerous le-
sion, the contralateral images of the healthy
breast have been captured and presented in
Fig. 13. The images for 800 nm and 850 nm show a
lesion which has higher absorption coe±cient in
these two wavelength for the healthy breast.
According to the absorption spectrum,34 we sus-
pected there was a higher concentration of water
at this spot comparing to the remaining area, as

water has higher absorption coe±cient at 800 nm
and 850 nm than other constituents. After con-
sulting with the patient's oncologists at JPOCSC,
we were advised that there was a benign mass
¯lled with water at that location. Therefore, as we
expected the probe can also capture benign lesions
and cysts as well.

The reconstructed preliminary images show that
the DOB-San probe can distinguish a cancerous
region from the surrounding healthy tissue. The
cancerous region is observable in the images (red
area) due to higher level of vascularization.

Fig. 11. Case study #1: reconstructed images from collected data using the DOB-Scan probe in four di®erent wavelengths, right
breast, healthy.

Fig. 12. Case study #2: reconstructed images from collected data using the DOB-Scan probe in four di®erent wavelengths, right
breast and cancerous lesion located 1.8 cm from nipple at 1 o'clock position.

Fig. 13. Case study #2: reconstructed images from collected data using the DOB-Scan probe in four di®erent wavelengths, left
breast, healthy.
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The study enrollment is currently ongoing and
will likely continue until mid 2019. Once we have a
statistically viable number of case studies, these
results will be presented in a new publication.

5. Conclusion

We have introduced a novel handheld di®use opti-
cal breast scanning (DOB-Scan) probe for func-
tional and compositional cross-sectional imaging of
the breast tissue, which employs a multi-wavelength
di®use optical spectroscopy technique with four
wavelengths encapsulated in an LED light source in
the NIR spectrum range. The device provides four
two-dimensional images of the breast tissue's func-
tion and relative composition. From the collected
data at four di®erent wavelengths, we are able to
create cross-sectional optical absorption images for
di®erent chromophores in the breast tissue such as
Hb and HbO2, which are indicators for cancerous
tissue. A real-time data acquisition system was
employed to add functional imaging advantages to
the probe. The image reconstruction for each
wavelength is performed at the rate of 24Hz which
is su±cient for functional imaging of biological ac-
tivity. In this study, we evaluated performance of
the probe by testing it on breast tissue-like phan-
toms. The test results show that the probe can
create chromophores' relative composition images
of the phantom. In addition, the results of the initial
clinical study showed that the proposed method is
able to provide accurate lesion information and has
the potential to work as a complimentary to other
types of imaging and diagnosis devices.

Although we obtained exciting results from
clinical study, there are limitations to probe's per-
formance. The maximum image depth, which is
approximately half of the largest source-detector
separation (4.3 cm), is limited by the size of the
photodetector. If a lesion in the breast is located
deeper than the maximum image depth, the probe is
not able to detect it. We are currently searching for
better solutions and improving the imaging algo-
rithms to overcome the problem without sacri¯cing
compactness and portability of the probe design.

This research has received ethical approval for
clinical trials and currently the authors are testing
the device on patients diagnosed with breast cancer.
The promising imaging results of ¯rst two patients
are presented in this paper. This study is ongoing

and will accumulate a statistically viable number of
case studies.
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