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a b s t r a c t

In this study, we proposed and implemented a ring-scanning mechanism in the prone position for application
in breast tumour detection. The current scanning module using two zones with three light sources in each zone
enables the acquisition of 36 source and 30 detection data (36S × 30D) items during the optical information
collection phase. This study employed only three photomultiplier tubes (PMTs), instead of 30 PMTs used in
a fixed model. In particular, the circular scanning of source-and-detection module actually behaves as more
channels and can acquire more optoelectrical data as the scanning module operates in a fractional motion of a
single channel-to-channel span. In this study, the optoelectrical measurement system was first calibrated; then,
the feasibility of optical-coefficient image reconstruction was verified using several heterogeneous cylindrical
phantoms. The reconstructed 𝜇a and 𝜇s

′ images through multilayer scanning presented good outcomes, implying
that the developed system is promising for 3D scanning of breasts. In a quantitative analysis, the contrast-to-
noise ratios of the 𝜇𝑎 and 𝜇𝑠

′ images (6.00 and 4.97, respectively) for the flexible scanning scheme were superior
to those derived for the fixed scheme (5.05 and 4.31, respectively). This indicates that the higher amount of
detection information obtained through the proposed scanning module can enhance the spatial resolution of the
reconstructed images while retaining an acceptable scanning time.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Diffuse optical imaging (DOI) has attracted increasing research atten-
tion as a potential imaging technique for breast tumour screening and
diagnosis. Compared with X-ray mammograms that provide structural
information about breasts, DOI provides functional information about
oxyhaemoglobin, deoxyhaemoglobin, water, and lipid contents derived
from absorption and scattering images. In Taiwan, breast cancer has
had the highest incidence rate and the fourth highest mortality rate
among all types of cancer for years [1]. Currently, mammography,
ultrasonography, and breast magnetic resonance imaging (MRI) are
routinely used for breast tumour screening and diagnosis. Near-infrared
DOI (NIR DOI) is emerging as a viable new biomedical imaging modality
for the screening and diagnosis of breast tumours [2]. The imaging
system typically comprises a scanning mechanism for light illumination
and detection, a source and detector module, an optoelectrical signal
acquiring and processing module, a graphical user interface for data
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acquisition and system control, and image reconstruction schemes, as
illustrated in Fig. 1(a). In general, the scanning mechanism using a fixed
source-and-detection (SD) configuration, with an arrangement of 16
illumination and 16 detection channels, relatively limits the resolution
of the reconstructed images [3–6]. In contrast to the fixed channel
architecture, more and varied acquisition points may improve the qual-
ity of reconstructed images [7]. Optical information acquired by using
prone architecture has been applied and established in DOI systems for
breast tumour imaging and characterisation, with each system utilising
16 or 32 sets of measurements at multiple NIR wavelengths to obtain
functional images [8–11]. To accommodate various measurement sizes,
the fixed optical channel configuration mode increases the radial dis-
placement [12,13]; the acquired optical information for each scanned
section, however, remains the same. Notably, all these imaging systems
apply fixed architecture without circular scanning.

Equipped with a frequency-domain DOI (FD DOI) system, previous
studies have established an experimental setup to visualise neoplasia of
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Fig. 1. Schematic of (a) The prone 3D scanning DOI system including source and detector modules, 3D ring-scanning device, and image reconstruction workstation, and (b) The detailed
ring scanning module.

breast tissue and estimate its size, employing multiple wavelengths of
illumination (684, 794, and 850 nm) amplitude-modulated (AM) at 140
MHz [14,15]. The sensitivity of the system could enable the detection
of light propagating through the tissue at a depth of up to 8 cm; an
increase in scattering coefficients and total haemoglobin concentration
was observed in the tumour area. Another study evaluated a prototype
diffuse optical tomography (DOT) system [16]; in this study, 17 women
with 18 breast lesions (10 invasive carcinomas, 2 fibroadenomas, and 6
benign cysts; diameters 13–54 mm) were evaluated using DOT and MRI.

A study reported that a hybrid photoacoustic tomography (PAT)
and DOT imaging system provided better PAT images when the targets
were smaller and located near the centre of the background phantom;
moreover, better DOT images were obtained when the targets were
larger and located away from the centre of the background [17]. In
another study, quantitatively accurate absorption and scattering coef-
ficients were obtained from both a tissue-mimicking phantom and ex
vivo experiments. The study demonstrated the potential of multispectral
DOT as a cellular imaging method for accurate determination of breast
cancer, because the nuclei of cancer cells were observed to be less
spherical than those of the surrounding normal cells [18]. Because
of the variations in the characteristics of each laser source, optical
fibres, detectors, and optical elements prior to the measurements of
phantoms used to evaluate system performance and to validate imaging
algorithms, calibration using homogeneous phantoms is a pivotal part
of data acquisition [19].

In our previous study, we simulated and investigated various illumi-
nation and detection combinations to obtain an optimal design in terms
of both image quality and operating time [20,21]. From the simulation
[20], the 2Z3S scanning module was considered as an effective ring-
scanning mechanism for the resolution of the reconstructed optical-
property images, where the circumference was divided into two zones,
with each zone comprising 3 source fibres and 15 detection fibres
if a total of 36 channels were considered. In the present study, we
implemented and applied the aforementioned rotating ring-scanning
mechanism to acquire optical information for the imaging system.
After calibrating optoelectrical components and devices, we performed
scanning and image reconstruction for a cylindrical phantom with an
inclusion in order to verify the performance of the imaging system.
Several slices of reconstructed images illustrated the variation of optical
properties of the inclusion, in addition to characterising the size and
location of the inclusion in that cross section.

2. NIR DOI system

The architecture and realised test bench of a prone NIR DOI system
are illustrated in Figs. 1 and 2, respectively. The system comprises an SD
measurement module, a three-dimensional (3D) ring-scanning bench,

and an image reconstruction workstation for the computation of optical-
property images. The current scanning scheme of the 2Z3S module
(Fig. 2; i.e., two zones with three sources in each zone) enables the
acquisition of 36 source and 30 detection data (36S × 30D) items during
the optical information collection phase. In particular, the circular
scanning of the SD module actually behaves as more channels and
enables to acquire more optoelectrical data when the scanning module
operates in a fractional motion of a single channel-to-channel span; thus,
it can expand to 64S × 30D for subsequent image reconstruction if
half a span (10◦) of the channel arrangement is performed. Similarly,
more data can be obtained while shifting a smaller light-source angle.
In contrast to 30 photomultiplier tubes (PMTs) used in a fixed model,
this study employed only three PMTs, although the use of a fewer PMTs
increases the scanning time for each section by approximately 300 s.
Through motion control, the scanning bench and SD fibres can ensure
optical information acquisition in the axial direction and a designated
angular rotation in angular space. The following subsections discuss the
use of AM NIR to obtain NIR attenuation and phase delay data as well
as the calibration of the measurement module.

2.1. FD measurement system

The photoelectrical measurement module of an FD DOI system
acquires the information of amplitude attenuation and phase delay
by employing AM NIR light. The amplitude attenuation and phase
delay information of illuminated NIR light transmitting through the tis-
sue/phantom can be mainly affected by absorption and scattering prop-
erties, respectively; therefore, reconstructed optical images obtained
using the FD measurement system are more reliable than those obtained
using a continuous-wave measurement system. The FD imaging system
comprises three parts concerning the detection of light and electrical
information: (1) light source and amplitude modulation module, (2)
light detection and collection module, (3) and photoelectrical signal
processing module (Fig. 3). In this system, an 830 nm laser module
is used as a light source and modulated using a function generator
at a frequency of 20 MHz; the light is the delivered through the
fibres of an optical switch to the 3D ring-scanning bench. Modulated
light transmitted through the phantom and the detection fibres of the
measurement module are used to collect attenuated light, with IR-
sensitive photomultiplier tubes (PMT, H7732-10, Hamamatsu Inc.) used
as detectors mounted at the other end of the fibres. A coded signal
demodulation module heterodynes the modulated signals of measured
(𝑓𝑀 = 20.000 MHz) and reference (𝑓𝑅 = 20.001 MHz) signals to 40.001
MHz and 1 kHz signatures, respectively, where the 1 kHz signature
characterises the attenuated light and phase delay information. The
demodulated 1 kHz signature can be simply acquired by using a data
acquisition card with a mainframe computer.
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Fig. 2. Demonstration of the prone 3D scanning DOI system: (a) Entire system and the scanning bench in the states of (b) Maximal and (c) Minimal measuring dimensions, respectively.

Fig. 3. Demonstration of the self-developed FD measurement system for DOI, where the photoelectric signal processing module is shown in the upper-left corner in detail.

Following the measurement, the corresponding optical-property im-
ages could be reconstructed using an in-house-coded image reconstruc-
tion scheme based on the diffusion equation solved using the finite ele-
ment method (FEM) including forward and inverse algorithms [22,23].

2.2. Image reconstruction algorithm

The image reconstruction algorithm can be used to reconstruct the
distribution of optical coefficients based on the diffusion equation. This
model describes the light distribution Φ in a highly scattering medium
under conditions of known optical absorption coefficient 𝜇𝑎, diffusion
coefficient 𝜅, and light source q; that is,

∇ ⋅ 𝜅 (𝑟) ∇Φ (𝑟, 𝜔) −
[

𝜇𝑎 (𝑟) −
𝑖𝜔
𝑣

]

Φ (𝑟, 𝜔) = −𝑞 (𝑟, 𝜔) , (1)

where Φ(𝑟, 𝜔) is the photon density at position r, 𝜔 is the light modula-
tion frequency, and v is the speed of light in the medium. Furthermore,
the diffusion coefficient relates to the reduced scattering coefficient
𝜇′
𝑠 by 𝜅 = 1∕[3(𝜇𝑎 + 𝜇′

𝑠)]. For solving this diffusion equation (forward

problem) as required for the image reconstruction, the FEM with Robin
(type-III) boundary condition can be applied [22].

Because the DOI aims to reconstruct the optical-coefficient maps of
tissues, we can estimate the distribution so that the misfit differences
of the data model, 𝜒2 = ‖ΔΦ‖

2
2 = ‖ΦM − ΦC

‖

2
2, can be minimised

by solving JΔ𝜒 = ΔΦ iteratively, where ΦM denotes the measured
photon density around the medium to be investigated, ΦC denotes
the model data derived by solving the diffusion equation with the
current estimated optical properties, J = [𝜕ΦC∕𝜕𝜇𝑎𝜕ΦC∕𝜕𝜅] denotes
the Jacobian matrix, and Δ𝜒 denotes [Δ𝜇𝑎Δ𝜅], the optical-coefficient
update vector at each iteration.

However, solving this inverse problem JΔ𝜒 = ΔΦ becomes difficult
as the number of model parameters (optical coefficients here) increases.
Consequently, Tikhonov regularisation (TR) is introduced to overcome
this problem. In TR, the inverse problem in DOI is formulated as the
optimisation of a damped least-squares problem [20]; that is,

min
Δ𝜒

{

‖𝐉Δ𝜒 − ΔΦ‖

2
2 + 𝜆2 ‖Δ𝜒‖22

}

, (2)
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Fig. 4. Measurement calibration: (a) Calibration phantom (top and lateral views), (b) 3D scanning system with the calibration phantom, (c) Flowchart of calibration procedure, and
(d) Standard deviations of measured data in mV for 30 detections.

where 𝜆 is the regularisation parameter. The damped least-squares
problem can be ameliorated by iteratively solving the following update
equation:
(

𝐉𝑇 𝐉 + 𝜆2𝐈
)

Δ𝜒 = 𝐉𝑇ΔΦ. (3)

For the following image reconstruction for phantom verification in
this study, a mesh with 817 nodes and 1536 triangle elements was
generated and applied. All the reconstructed images reported herein
were computed initially from homogeneous optical properties. Ten
iterations were used during the inverse computation, and the adaptive
regularisation parameter 𝜆 = 0.1 ∗ max[diag(𝐉𝑇 𝐉)] provided excellent
reconstructed optical-property images.

2.3. Calibration of optoelectrical measurement

To calibrate the measurement module of the imaging system, espe-
cially for detection fibres and PMTs, a homogeneous cylindrical cali-
bration phantom was employed, as shown in Fig. 4(a). The calibration
phantom was made of silicone as a matrix and mixed with carbon and
TiO2 powders for adjusting the absorption and scattering properties,
respectively; here, the calibration phantom was designated with the
property of 𝜇𝑎 = 0.0074 mm−1 and 𝜇′

𝑠 = 0.85 mm−1. Fig. 4(b) illustrates
the calibration setup, in which a source fibre was placed on the top
centre of the phantom, and all 30 liquid light guides (LLGs) were
arranged around the circumference to collect the radiance of NIR light
emitted from the phantom. As shown in Fig. 4(b), both PMT #1 and #2
were used to collect the emitted NIR near the light source, in contrast to
PMT #3 that collected NIR farther from the light source. In this study, an
NIR light source with a wavelength 𝜆 of 830 nm, modulated frequency
f of 20 MHz, and driving voltage amplitude 𝐴𝑠 of 0.1 V (average =
0.2 V) that can generate a 10 mW light source, as shown in Fig. 4(c), was
guided into, absorbed by, and scattered out of the calibration phantom.
The flow diagram in Fig. 4(c) shows the calibration procedure with the
source input, signal acquisition, and obtained calibration parameters.
All the tasks of acquiring signals, driving PMTs, and calculating the
parameters were performed using LabVIEW™ as an operational inter-
face. Typically, a PMT with an attached preamplifier is used to detect
and convert NIR light power into electrical voltage. After the collected
signal and reference signal were demodulated by a mixer, the amplitude
𝐴𝑖 and phase delay 𝜃𝑖 for each detection LLG associated with a PMT
were extracted from the measured 1 kHz signal component. Because
of the difference between the LLG–PMT combinations, the performed
calibration procedure is critical for the measured optoelectrical data to
be used for reconstructing the optical coefficients of the tissue. For each
detection channel comprising an LLG and its corresponding PMT, the

calibration parameters for amplitude (𝜀𝑖) and phase delay (𝜑𝑖) can be
defined as

𝜀𝑖 = 𝐴𝑖∕𝐴, (4)

𝜑𝑖 = 𝜃𝑖 − 𝜃, (5)

where 𝐴 and 𝜃 denote the averages of all 𝐴𝑖 and 𝜃𝑖(𝑖 = 1, 2, 3,… , 30),
respectively. Thus, the calibration parameters for all detection channels
were recorded in LabVIEW™ for compensating the measurements in
each channel. Three PMTs were applied in this study, and every 10
LLGs were shared with 1 PMT that was driven to the output port of
each LLG through a linear guide. Before the optoelectrical data were
collected for image reconstruction, especially for a period of idle time,
the LLG–PMT pairs were examined for their soundness and calibrated
for obtaining the accurate measured quantity. For example, Fig. 4(d)
illustrates the standard deviation of the measured out-emitted NIR from
the calibration phantom to confirm the soundness and stability of the
LLG–PMT pairs. For the 30 detection channels, the standard deviation of
each channel varied from 0.2 to 0.95 mV, with a total mean of 114.7 mV
for all measurements (it might vary with time). PMT #1, acquiring NIR
from detection LLG #1–#5 and #11–#15, degraded with high standard
deviation, even though their variance was below 1% compared with the
mean.

Following the calibration for measuring amplitude and phase delay
based on Eqs. (4) and (5), the uncalibrated and calibrated data (Fig. 5)
were measured for an 80-mm-diameter homogeneous phantom. Cali-
bration is a routine process performed prior to conducting a series of
experiments because the quality of the measured signals is affected
by the long-term use of fibres, LLGs, and PMTs. Four phantom cases
were designed and evaluated to verify the developed ring-scanning DOI
system.

3. Phantom verification

Table 1 lists four synthesised phantoms, revealing the design param-
eters of inclusions and the contrast of their optical properties to the
background. In the first three cases, a cylindrical inclusion was inserted
in the phantom, whereas an ellipsoidal inclusion was inserted in Case
4. All four designated cylindrical phantoms had a matrix background
with a diameter of 80 mm, height of 80 mm, and optical properties of
𝜇𝑎 = 0.0074 mm−1 and 𝜇′

𝑠 = 0.85 mm−1. The contrast of optical properties
to the background for the inclusions in Cases 1, 2, and 3 was set as
1.5. Basically, the phantoms for Cases 1 and 2 had the same optical
properties and physical dimensions except that their inclusions were
located at orientations of 180◦ and 270◦, respectively. The diameter of
the inclusion for Case 3 (15 mm) was greater than those of the inclusions
for Cases 1 and 2 (10 mm), and they all had the same off-centre distance
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Fig. 5. Calibration of measured NIR: (a) Amplitude and (b) Phase delay.

Table 1
Design parameters of test phantoms.

Cases Contrast, 𝐶𝑇 𝑑𝑑𝑒𝑠𝑛 (mm) 𝐿𝑜𝑓𝑓−𝑐𝑒𝑛𝑡𝑒𝑟 (mm) Orientation (𝜃◦) Remark

𝜇𝑎 𝜇′
𝑠

1 1.5 1.5 10 15 180◦

A cylindrical inclusion2 1.5 1.5 10 15 270◦

3 1.5 1.5 15 15 270◦

4 4 5 10×18 25 180◦ An ellipsoidal inclusion

𝜙 80 mm and 80 mm high phantom: 𝜇𝑎 = 0.007 mm−1; 𝜇′
𝑠 = 0.85 mm−1.

Table 2
Comparison between designed and computed parameters of test phantoms.

Cases 𝜇𝑑𝑒𝑠𝑛 (mm−1) 𝜇𝑐𝑜𝑚𝑝 (mm−1) 𝑑𝑑𝑒𝑠𝑛 (mm) 𝑑𝑐𝑜𝑚𝑝 (mm) CNR

𝜇𝑎 𝜇′
𝑠 𝜇𝑎 𝜇′

𝑠 𝜇𝑎 𝜇′
𝑠 𝜇𝑎 𝜇′

𝑠

1 0.0105 1.275 0.0179 1.0953 10 11.56 14.81 7.23 2.23
2 0.0105 1.275 0.0169 1.1187 10 12.65 12.89 4.49 2.32
3 0.0105 1.275 0.0260 1.2367 15 14.6 14.8 8.63 5.72
4-1

0.028 4.25

0.0204 1.6235 10 7.55 11.52 9.85 5.98
0.0172 1.4672 8.5 5.57 13.45 10.53 5.83

4-3 0.0128 1.2077 0 11.56 11.55 6.23 4.99
4-4 0.0113 1.0875 0 15.90 NA 2.04 2.96

of 15 mm. The ellipsoidal inclusion (with long and short axes of 18 and
10 mm, respectively) in Case 4 was placed half high, off the centre axis of
25 mm at an orientation 180◦, and its contrast to the matrix background
was set at 4 and 5 for 𝜇𝑎 and 𝜇′

𝑠, respectively.
The contrast in the reconstructed image can be defined as the

difference between the mean values of the target and background and
includes a noise weight in the contrast-to-noise ratio (CNR) definition
because the background and ROI have different contributions to the
whole noise; CNR can be defined as [22]

𝐶𝑁𝑅 =
𝜇𝑅𝑂𝐼 − 𝜇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

√

(

𝑤𝑅𝑂𝐼 ∗ 𝜎2𝑅𝑂𝐼 +𝑤𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 ∗ 𝜎2𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
)

/

2

(6)

𝑤𝑥 =
𝐴𝑅𝐸𝐴𝑥

𝐴𝑅𝐸𝐴𝑅𝑂𝐼 + 𝐴𝑅𝐸𝐴𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
, 𝑥 = ROI or background,

where 𝜇𝑅𝑂𝐼 is the mean of the node values in the target, 𝜇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is the
mean value over the variable background, and 𝜎𝑅𝑂𝐼 and 𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 are
the standard deviations of the collectivities of the target and background
areas, respectively.

Fig. 6 illustrates the schematic of designated phantoms (Fig. 6(a)),
the test setup around the phantoms (Fig. 6(b)), and reconstructed 𝜇𝑎 and
𝜇′
𝑠 images for Cases 1–3 (Fig. 6(c)–(h)). Furthermore, the distribution

profile of the absorption or scattering coefficient on the cross section
through the inclusion is charted. As illustrated in Fig. 6(c)–(f), the
computed images of Cases 1 and 2 were similar except that the inclusions
were characterised at 180◦ and 270◦, respectively. The inclusion was
larger for Case 3 and was reconstructed more evidently compared with
that for Case 2, as shown in Fig. 6(g) and (h). Clearly, the computed

images could be quantitatively characterised in terms of the contrast of
the inclusion.

To estimate the capability of the proposed imaging system in char-
acterising an inclusion, a phantom with an ellipsoidal inclusion, Case 4,
was applied to demonstrate the performance of the system in imaging a
phantom with varied height and varying inclusion cross sections. Fig. 7
illustrates the phantom design, fabricated phantom, and reconstructed
images over half the height of the phantom. The top and side views of
the designed phantom are shown in Fig. 7(a); Fig. 7(b) and (c) illustrate
the fabricated phantom and its test setup in the scanning module of the
imaging system, respectively. The reconstructed 𝜇𝑎 and 𝜇′

𝑠 images, as
shown in Fig. 7(d) and (e), characterised the inserted inclusion, where
the 1D profile illustrates the contrast and 𝜇𝑎 or 𝜇′

𝑠 values quantitatively.
After the trial for Case 4, image reconstruction was conducted over three
scanning heights (i.e., varied cross sections of the ellipsoidal inclusion),
namely slices 2, 3, and 4, as presented in Fig. 8. Fig. 8(a) indicates that
slice 2 cuts through the lower part of the inclusion and that slices 3 and
4 pass through the bottom and outside of the inclusion, respectively.
Fig. 8(b)–(d) illustrate the reconstructed 𝜇𝑎 and 𝜇′

𝑠 images for these
scanned cross sections. The optical features of the inclusion faded away,
as shown in slices 2–4; in addition, the 1D profiles showing contrast
characteristics gradually declined as the scanning process moved away
from the centre of the inclusion.

To further describe the quantitative analysis for the evaluated optical
properties of the test phantoms, the computed values (𝜇𝑐𝑜𝑚𝑝) for 𝜇𝑎 and
𝜇𝑠 were compared with their designed values (𝜇𝑑𝑒𝑠𝑛); moreover, the
reconstructed inclusion size (d𝑐𝑜𝑚𝑝) and the evaluated CNR values were
summarised. From the list in Table 2, some conclusions can be drawn:.
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Fig. 6. Illustration of image reconstruction with DOI system: (a) Schematic of the designated phantom; (b) Tested phantom in the self-developed scanning module; and reconstructed
optical-property images of 𝜇𝑎 and 𝜇′

𝑠 for (c) and (d) Case 1, (e) and (f) Case 2, and (g) and (h) Case 3, respectively.

Fig. 7. Illustration of image reconstruction with DOI system for Case 4: (a) Schematics of the designated phantom from top and side views; (b) and (c) Tested phantom and the phantom
in the self-developed scanning module; and reconstructed optical-property images of (d) 𝜇𝑎 and (e) 𝜇′

𝑠.

(1) For the comparison of CNR values, a higher value indicates
a larger difference from the background; that is, it indicates
higher image quality. Thus, in the reconstruction, the 𝜇𝑎 images
apparently had a higher quality than the 𝜇′

𝑠 images, except for
the images for slice 4 of Case 4 (Case 4–4). For Case 3 with a

comparatively large inclusion (diameter of 15 mm) than Cases
1 and 2, the highest CNR value (8.63) could characterise the
inclusion the most.

(2) The reconstructed images of the four slices of Case 4 show that
the CNR values decreased as the scanned slices shifted far from
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Fig. 8. Illustration of image reconstruction with DOI system for different slices of Case 4: (a) Schematics of the designated phantom from the top and side views; and reconstructed
optical-property images of 𝜇𝑎 and 𝜇′

𝑠 for (b) and (c) Slice 2, (d) and (e) Slice 3, and (f) and (g) Slice 4, respectively.

Fig. 9. Comparison between a fixed SD module ((a), (b), and (c)) and a scanning SD module ((d), (e), and (f)), where (b) and (e) and (c) and (f) Characterise 𝜇𝑎 and 𝜇′
𝑠 distributions,

respectively.

the centre of inclusion. The results characterise the change in
section size of the ellipsoidal inclusion, which is consistent with
the characteristics of the tomographic images.

The following illustration highlights the benefits of applying the
proposed scanning SD module with a flexible arrangement of channel
numbers through multiple or fractional scanning of a single channel
span. Imaging of the slice through the centre of the inclusion of Case
4 was demonstrated. The results of both the fixed SD channel module
and the flexible SD module were obtained from the optical information
acquired for the scanning test bench in the 2Z3S architecture and
used for subsequent image reconstruction. Fig. 9(a) and (d) illustrate
the schematic of fixed 18S × 12D (18 streams of 12 detection data)
and flexible 36S × 12D (36 streams of 12 detection data) through a
10◦ shift of angular motion of SD channels, respectively. The computed

𝜇𝑎 and 𝜇′
𝑠 images are shown in Fig. 9(b) and (c) for the fixed scheme

and Fig. 9(e) and (f) for the flexible scheme, respectively. The flexible
scheme could characterise the inclusion more effectively, as determined
through visual perception; even in a quantitative expression, the CNR
values of the 𝜇𝑎 and 𝜇′

𝑠 images (6.00 and 4.97, respectively) for the
flexible scheme were superior to those (5.05 and 4.31, respectively) for
the fixed scheme. This demonstrates that the higher amount of detection
information through the proposed scanning module can enhance the
spatial resolution of the reconstructed images.

4. Conclusions

We conducted phantom trials to verify a self-constructed prone
and ring-scanning DOI system that allows varied combinations of
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illumination and detection channels. This architecture prevents the
compression of tissue when applied in breast tumour screening and
diagnosis. Compared with the fixed combinations of illumination and
detection design for obtaining optical information, this scheme provides
a flexible measurement arrangement for obtaining the best effectiveness
and efficiency while retaining an acceptable scanning time; for example,
this scanning mechanism may spin half the span of every two source
fibres or two detection LLGs. Furthermore, the flexible data acquisition
process enables obtaining a required maximal resolution, in contrast
to a fixed SD arrangement. Four phantom tests were designed and
performed. All the computed images enabled the characterisation of the
embedded inclusion. Moreover, 𝜇𝐴 and 𝜇′

𝑆 images for various scanning
slices in Case 4 successfully characterised the changes in the inclusion
cross sections. Quantitative analysis of these phantom tests was defined,
evaluated, and discussed. We intend to conduct clinical trials in the
future.
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